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ABSTRACT 
A control system for morphing unmanned aerial vehicle (UAV) wing using shape memory 
alloy (SMA) actuators has been developed. It is capable of changing the camber of the UAV 
wing during flight in order to produce the maximum lift-to-drag ratio for a given coefficient. 
This system allows the UAV to fly at maximum lift-to-drag ratio at constant altitude and speed 
during the entire flight, which increases it’s loiter time or decreases its power consumption. 
This will give end users the flexibility to add more payload or reduce operating cost by using 
less fuel. 
The UAV trade space was also explored in order to demonstrate the benefits of implementing 
the control system for a morphing UAV wing that has been developed here. Results from wind 
tunnel experiments were used to approximate the potential improvement in flight performance 
for different types of UAVs.   
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Summary 
Morphing wing technology allows modification of aerodynamic behavior of the wing by 
changing its shape during flight. This will result in optimum flight performance during cruise 
and reduction in fuel consumption which ultimately translate into cost savings. Due to the 
potential benefits that can be gained by employing morphing wing technology, many 
researchers are attempting to find the best solution for its implementation. For UAVs in 
particular, the biggest constraint is the limited space which makes it unfeasible for a morphing 
wing to be implemented using conventional actuator. 
Smart material is a suitable candidate for actuator in the morphing wing design as it can be 
activated to alter the shape of the airfoil. One such material is the shape memory alloy (SMA) 
which is lightweight, produces high force and large deflection. However, its nonlinear 
behavior proves to be a major challenge in the development of the controller. The research 
work carried out here seeks to investigate the possibility of SMA actuator application in a 
morphing UAV wing design and develop a suitable control system. In order to reduce the 
power consumption and minimize cost, wire bundle SMA actuators were incorporated in the 
design.  
Finite element (FE) was used to design the experimental model of the morphing wing. Results 
from FE analysis were used to determine the suitable skin material and the placement of the 
actuators within the wing. The wing model was fabricated using acrylonitrile butadiene 
styrene (ABS) plastic with the SMA actuators fixed underneath the wing skin, near the leading 
edge. The deflection of a variable cambered wing was controlled by means of resistive heating 
of SMA actuator and cooling in the surrounding air.  The heating of the wires caused them to 
contract, creating a force and generating a moment which deflects the wing.  
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Due to the nonlinear behaviour of the SMA actuator, it was critical to incorporate a feedback 
control system that was able to accurately morph the wing. The proportional-integral-
derivative (PID) controller was used in the control design, with promising results. However, 
due to the large error, it had to be combined with a compensator in order to improve the 
controller’s accuracy. Two different methods were explored using simulations and 
experiments, which showed that the anti-windup compensator with PID controller worked 
well to control the SMA actuators in the morphing wing UAV system. 
LABVIEW was used to interface the controller with the SMA actuators in the wing.  Two sets 
of control experiments were carried out in order to validate the robustness of the system. The 
first was a bench test at room temperature and in a refrigerator to simulate a low temperature 
environment. This examined the effects of temperature on the performance of the control 
system for a morphing UAV wing. Another test was conducted under wind tunnel conditions 
at different Reynolds number and angle of attacks. The wind tunnel experiments were 
necessary not only to verify the robustness of the control system for morphing UAV wing but 
also to investigate the effects of morphing on the aerodynamic performance of a UAV.  
From the wind tunnel experiments, the change of forces acting on the wing with and without 
morphing was investigated. The results proved that the use of SMA actuators in the wing 
model is reliable as significant change in lift-to-drag ratio was detected when the wing was 
morphed. The morphing UAV wing was able to maintain a high L/Dmax for changing lift 
coefficient.  It shows that the control system for a morphing UAV wing developed here has 
the potential to improve the flight performance of a UAV. 
However, there is a penalty associated with morphing a wing which includes weight of the 
actuation mechanism and power required for morphing. Thus it is necessary to ensure that the 
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savings that can be gained from using morphing wing UAV outweighs the cost involved, 
before it could be considered feasible. An analysis was carried out on four UAVs of different 
class and sizes in order to determine which type of UAV will benefit from its implementation. 
It was found that it was possible to reduce the power required and increase the loiter time for a 
certain class of UAV. Even with the added cost of its implementation, it was small compared 
to the savings gained.  
The contribution of this research in developing a control system of morphing UAV wing with 
minimum weight and power penalty by utilizing SMA wire bundle actuator is a stepping stone 
towards further development of morphing wing technology capable of maintaining L/Dmax 
throughout a UAV loiter segment. In order to ensure the success morphing wing technology, it 
is paramount to employ smart material for actuation in the morphing wing design to ensure 
that the added weight and power due to the morphing mechanism remains low. However, 
smart material actuator technology is relatively new, and its mechanical behavior is still not 
fully understood. The thesis also highlights the issues related to thermal sensitivity and 
mechanical performance that need to be addressed when integrating SMA actuator in a 
morphing wing design. Hopefully this will lead to better understanding of this new actuator 
technology so that its implementation on a morphing UAV wing can be realized in the near 
future. 
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Chapter 1: Introduction 
1.1 Problem Statement 
Conventional unmanned aerial vehicle (UAV) is usually optimized only for one design 
condition. This could change with morphing technology as it merges conflicting mission 
requirements so that an aircraft can perform different mission functions or roles. Without 
morphing mechanism, the wing design is compromised and the aircraft may not be able to 
execute different missions efficiently. 
Morphing might be a new terminology but designing and building shape changing aircraft 
mechanism is not new. Previously aircrafts have used variable sweep, retractable landing gear, 
retractable flaps and slats, and variable incidence noses. However, advancement in smart 
materials and adaptive structures resurrected interest in morphing technology, striving for 
more significant shape changes, specifically changes in wing surface area and controlled 
airfoil camber. 
The major challenges of morphing wing design are the requirement for distributed high-power 
density actuation, structural mechanization, flexible skins, and control law development [1]. 
The integration of actuator, controller and flexible skin will also impose weight penalty, thus it 
is critical to ensure that the implementation of wing morphing technology for UAV is 
economically feasible.  
The primary motivation of this research is to improve flight performance of UAV during 
cruise segment by maintaining a high lift-to-drag (L/D) ratio using a system with low weight 
penalty.  This may be achieved by implementing a control system which is able to morph the 
wing during flight. However the inner space of the wing is so limited that it is difficult to use 
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conventional driving mechanisms such as electric motors and fluid power system. If smart 
materials are applied here, occupied space and total weight can be greatly reduced.  
Using smart material such as SMA means that the morphing mechanism is lightweight as 
bulky cables can be eliminated from the design. However the nonlinear behavior of the 
material and its thermomechanical property makes it a challenge to control its behaviour.  The 
restoring force of SMA as actuating material is not only affected by temperature and stress 
condition, but also martensite content. Even though the value of temperature and stress can be 
obtained by sensors, martensite content is hard to be detected, thus fine control is not easy to 
acquire.  
Since smart material actuator technology is relatively new, its mechanical behaviour is not 
completely understood and several practical questions are still unanswered. Because of the 
strict certification requirements for aerospace applications, it will probably take several years 
before they can be taken into consideration by the aircraft industry. Most of the research 
carried out in the morphing technology focuses on the structure and aerodynamic 
optimization. So there is a need to design, build and integrate smart material in a morphing 
wing system to evaluate its full potential and understand its limitations.  
1.2 Research Objectives 
The main objectives of this research were as follows: 
 To design a control system for a morphing UAV wing using smart material actuation 
that is able to maintain a high L/D during cruise  
 To design a wing prototype with flexible skin capable of camber change to produce 
improvement in its aerodynamic behaviour 
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 To design an efficient actuating system by improved utilization of the SMA wires to 
minimize power consumption 
 To develop a robust control system design for the morphing wing system  
 To examine the SMA actuation performance in meeting the target shape 
 To carry out wind tunnel experiment to investigate the aerodynamics performance of 
the  morphing wing system 
 To investigate the power requirement of the SMA actuators for morphing wing under 
aerodynamic loading 
 To approximate the potential increase in flight performance of a UAV equipped with 
the morphing wing system developed here 
 To determine whether the implementation of the morphing wing system is 
economically feasible. 
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1.3 Project Structure 
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Figure 1-1 Project structure overview  
This thesis report consists of nine chapters including six main chapters with one chapter 
describing the methodology of the experimental setup, three chapters describing the modeling 
and development of three types of control method for the morphing wing system, one chapter 
on the results from the wind tunnel experiments and one chapter on the cost-analysis of 
morphing wing implementation on different UAVs. Figure 1-1 shows the overview of the 
structure of the research work presented in this thesis.   
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Figure 1-2 Main chapters arrangements 
The three control methods, as illustrated in Figure 1-2, each contain different techniques to 
control the SMA actuator to be used in the control system for the morphing wing. Each of the 
three chapters includes specific methodologies, results, analysis and discussions. The best 
control method was applied to the morphing UAV wing and its performance was tested using 
wind tunnel experiments.  A chapter is dedicated on this experimental testing which included 
the results of the aerodynamic performance and the analysis of the flight performance. 
Although the control experiments and wind tunnel experiments may be considered as separate, 
the results are essentially interrelated and together form a complete study of the application of 
a morphing UAV wing control system to the problem of maintaining a high L/D during cruise. 
These six key chapters and phases are summarized as follows: 
Chapter Three: Experimental Setup 
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This chapter describes the initial phase of the research which aimed at designing a control 
system for a morphing UAV wing control system, which is capable of maintaining a high L/D 
during cruise. It begins with the prediction of the morphing of the flexible structure using 
finite element.  The FE analysis was used to determine the type of material, size of the spar, 
placement of the actuator and the actuator’s maximum force. The fabrication of the wing and 
the installation of the SMA actuator are also described in this chapter.  Finally the setup for 
the control experiments and wind tunnel experiments are explained. 
Chapter Four: Control System for a Morphing UAV Wing using Proportional-Integral-
Derivative (PID) Controller 
This chapter explains the rationale of using a PID controller to control the SMA actuator in the 
morphing wing control system. The controller which was designed in MATLAB and 
SIMULINK is described here along with the process of gain tuning to obtain the best 
controller.  The result of the control experiments using the PID controller that has been 
designed is also presented. This chapter illustrates the potential of using the PID controller to 
control the SMA actuator and also highlights the inaccuracy of the control due to the 
nonlinearity of the SMA which needs to be compensated.  
Chapter Five: Control System for a Morphing UAV Wing using PID Controller with Robust 
Compensator 
This chapter builds on results from Chapter Four by incorporating a robust compensator to the 
controller in order to improve the accuracy of the system. The method to add the compensator 
and the process of gain tuning this new controller is described here.  The result of the control 
experiments using the PID controller with robust compensator that has been designed is also 
presented. The results from the Chapter Four and Chapter Five are compared to determine the 
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improvement in the system with the addition of the compensator. This chapter shows that the 
accuracy of the system was improved; however another method can be explored to further 
reduce the steady state error of the system. 
Chapter Six: Control System of a Morphing UAV Wing using PID Controller with Anti-
Windup 
This chapter builds on results from Chapter Four by including an anti-windup compensator to 
the controller in order to address the problem of integral windup which may occur in the 
control loop.  The method of integrating the anti-windup compensator to the PID controller 
and the process of gain tuning this controller is described here. The result of the control 
experiments using the PID controller with the anti-windup compensator that has been 
designed is also presented. The results using the three methods to control the SMA actuator 
are analysed and conclusions are drawn as to which method is most effective and whether it 
meets the requirements for the application of the control system for a morphing UAV wing.  
Chapter Seven: Results and Analysis 
The motivation for this research stemmed from the aim of improving cruise performance of 
UAV through the morphing of the airfoil by controlling the SMA actuator. This chapter is 
critical as it demonstrates how a morphing UAV wing control system can be used to improve 
flight performance by maintaining a high L/D ratio as lift coefficient reduces.  The results 
from the wind tunnel experiment are analysed and discussed in detail in this chapter.   
Chapter Eight: Flight Performance of Morphing Wing UAV 
In previous chapters, it was established that the control system of the morphing UAV wing 
developed here is capable of increasing the L/D. This chapter applied the results of the wind 
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tunnel experiments on four UAVs of different class to evaluate the potential increase in loiter 
time and reduction in thrust required. In the analysis, the added penalty associated with 
morphing wing such as the weight and power due to the actuating mechanism were considered 
in order to determine if the advantages of using a morphing wing outweighs the cost involved. 
This will give a more realistic conclusion on the benefits of a morphing wing.  
1.4 Scope and Limitations 
It is one thing to draw a shape change wing design or to calculate morphing wing 
performance. It is quite another to conceive, design, build and operate shape changing designs, 
especially under aerodynamic loading. The primary focus of this thesis is on the development 
of the control system for morphing UAV wing, and ensuring it is able to maintain a high L/D 
effectively using the proposed controller.  Therefore a significant amount of the thesis is 
dedicated to the process of designing a distributed high-power density actuation using SMA, 
creating a controller that is able to handle the nonlinearity of the SMA actuator, improving the 
controller’s performance and evaluating the aerodynamic performance using wind tunnel 
experiment.  The contribution and cost of implementing the control system for morphing UAV 
wing are also analysed and discussed. 
The efficiency of the control system is critical to ensure the effectiveness of the morphing 
UAV wing. The wind tunnel experiments were essential in order to demonstrate high rate 
actuation and improved aerodynamic performance of the morphing UAV wing. The reasons 
for using SMA actuator are discussed in Section 2.3 and the challenges of using the SMA as 
an actuator due to its nonlinearity and slow response are highlighted in Section 2.6. 
Justifications of using PID controller to control the actuator are discussed in Section 4.2.  
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It is recognized that the morphing wing technology is a multidisciplinary effort which not only 
involves sensor and control technology as well as aerodynamics, but also material, structure 
and aeroelasticity.  It is not possible to cover all of this area in depth but moderate work was 
carried out on the material and structure at the early stages of the design phase.  
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Chapter 2: Literature Review 
2.1 The Changing Needs of UAV 
Since 2000 the number of UAVs used by the Department of Defense has increased from less 
than 50 to over 6000 as of May 2008 [2]. The rapid increase in the number of flight hours as 
shown in Figure 2-1 proves that the real time imagery offered by these unmanned aerial 
systems has become essential. The biggest growth was observed in the tactical UAVs operated 
by lower level forces such as the Shadow UAV. Besides that, smaller manned launchable 
UAVs such as the RQ-11 Raven is more commonly used. To date, the main role of UAVs had 
been to supply imagery. 
 
Figure 2-1 Number of flight hours for DOD’s UAS Number of flight [2] 
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Despite the fact that the size and mass of imaging systems has generally reduced, this 
reduction has not kept up with the demand for higher resolution, full motion, and infra-red 
imagery, which means that the size and mass of imaging systems being flown has actually 
increased. Due to the heavier systems, the UAVs ability to loiter over targets of interest has 
been compromised as fuel is typically removed in order to make room for more payloads. 
Besides the need for better imagery, there is a requirement for longer loiter times, however 
these two requirements are usually in conflict. It is impossible to commission a new UAV 
every time the requirement of the mission changes, so end users normally find themselves 
having to compromise and choose between payload capability and loiter time. 
Wing morphing technology may provide a solution to this predicament as it is capable of 
enhancing the aerodynamic performance of the UAV by modifying the wing shape when 
needed. It could be used to improve its loiter time and also reduce the power required. 
However, wing morphing technology will carry its own penalties such as increased weight and 
power consumption, thus it needs to be evaluated in order to determine if the benefits 
outweigh the costs. Further, an improvement of 10% in loiter time which may result in a 4 
hour increase for a Global Hawk, will result in only 6 minutes of extra loiter time for a Raven. 
Therefore the UAV trade space needs to be explored in order to determine the feasibility of 
implementing morphing wing technology for UAV. 
2.2 Benefits of Morphing Wing Technology 
Typically a UAV wing is designed for minimum drag at cruise lift coefficients.  However this 
could change with morphing wing technology as it allows modification of aerodynamic 
behavior by changing the shape of the wing during flight. This will result in optimum flight 
performance during cruise and reduction in fuel consumption which ultimately translate into 
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cost savings.  Morphing can be achieved through wing planform reconfiguration, out of plane 
transformation or airfoil profile alteration [3]. Variable camber technology can provide 
improvement in performance as drag can be significantly reduced if all wing trailing edge 
surfaces are available for optimization [4].  
In order to obtain optimum performance it is necessary that the UAV cruises close to the best 
lift-to-drag ratio (L/D) which means flying at a constant angle of attack [5] and may require a 
climbing cruise because weight decreases due to fuel consumption. This is usually not 
desirable because of flight or air traffic control restrictions. Finding a balance between weight, 
altitude, speed and/or wing area is crucial because a failure to do so may cause the L/D to be 
lower than the best L/D and the range will be correspondingly less. Variable camber wing may 
provide a solution to this predicament. The control system for a morphing wing allows the 
UAV to change its lift coefficient during cruise in order to operate at optimum L/D for any 
given lift coefficient and at constant angle of attack. 
Lift coefficient (CL) and drag coefficient (CD) are complex functions of profile shape, angle of 
attack (α), wing platform (S) Mach number (M) and Reynolds number (Re) [4], which can be 
defined as  
qSLCL /=
 (1) 
qSDCD /=  (2)                                                             
These functions may be obtained from computation, wind tunnel testing or flight testing.  The 
aerodynamic results are usually presented as graphs of 
)(αfCL =    
 (3) 
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)(αfCD =            (4) 
and 
)( LD CfC =
 (5) 
Typical curves of these functions for low-speed (no shock wave) flight are shown in Figure 
2-2 -Figure 2-4. It can be seen from the graphs that the curves of equations (4) and (5) have 
parabolic shape in the region where the CL variation with α is approximately linear.   
The maximum achievable lift-to-drag ratio (L/D) in cruise flight is a very important 
performance parameter.  It can be defined as 
   DL CCDL // =
 (6) 
It can be plotted as a function of CL as shown in Figure 2-2.  In performance optimization, L/D 
is maximized for all flight cruise conditions. 
 
 
Figure 2-2 Change of lift coefficient with angle of attack [4] 
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Figure 2-3 Change of drag coefficient with angle of attack [4] 
 
 
 
Figure 2-4 Schematic of a typical polar of an aircraft [4] 
 
 
Figure 2-5 CL/CD as a function of lift coefficient [4] 
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The change in camber produces varying effects on the aerodynamic performance depending 
on the modification.  In the subsonic region, for relatively small angles of attack and camber 
increase, less α is required for a fixed CL, or CL increases for a constant angle of attack [6]. 
Different results can be seen for alteration in percent camber and position of maximum camber 
of the airfoil. An initial investigation was carried out to further understand the effect of 
different configuration of airfoil in order to determine the best design concept for the 
morphing UAV wing [7]. Simulation was carried out using XFOIL to compute both viscous 
and inviscid flow about a 2-dimensional body. From the results it was clear that a change to 
the camber has an effect on the aerodynamic performance. L/Dmax increases as the maximum 
camber increases from 1% to 5% and as the location moves from 0.1 to 0.5 of the chord.   
Increasing camber also increases the linear region of CL as a function of angle of attack, to a 
larger CL and the maximum CL:                       
)()0()(
maxmaxmax
δδδ LLL CCC ∆+==
 (7) 
The minimum CD increases by the relation:                    
)()0()(
minminmin
δδδ DDD CCC ∆+==
 (8) 
The lift-to-drag ratio also has a significant effect on a UAV flight range as given in the Breguet 
equation for constant velocity and lift coefficient [5] 
LAND
TO
D
L
W
W
C
C
c
VRange ln=  
(9) 
where V is the velocity, c is a constant, WTO is the take-off weight and WLAND is the landing 
weight.  Since CL/CD is directionally proportional to the range, an increase in the CL/CD will 
cause the range of the UAV to also increase.   
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It has been acknowledged that morphing wing technology has the potential of increasing the 
aerodynamic efficiency (L/D ratio) by up to 9%, extension of buffet boundaries by up to 15% 
and reduction of wing root bending moments by up to 12%, as well as allowing extensive 
geometry control in terms of efficiency, safety and operational [10]. So it comes as no surprise 
that the patent literature is full with inventions concerning lifting surfaces with variable 
geometry [11-17]. However, the quest to finding a working solution is far from over.  
2.3 Morphing Wing Technology  
The radical shape changing aircraft appeared and disappeared even before control human 
flight officially began in 1903 without any significant impact [18,19]. At the beginning of 
flight, the Wright brothers used wing twisting techniques for roll control. Retractable landing 
gears for reduced drag and foldable wings for increased transportability are some other 
examples of early morphing technologies. Trailing edge flaps and fowler flaps were used to 
alter the wing camber and area during flight, usually at low speed segments such as take-off 
and landing. Thrust vectoring was beneficial during take-off and landing segments, as well as 
increasing an aircraft’s maneuverability. Variable sweep angle wings have also been utilized 
on a number of aircraft configurations to account for the optimal geometry contrasts between 
subsonic and supersonic flight conditions. Figure 2-3 shows a timeline of when different 
morphing capabilities were introduced. 
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Figure 2-6 History of aircraft morphing technologies [19] 
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Historically, the added complexity and weight required for most morphing concepts were 
deemed too expensive which made them not practical to be implemented. However, with 
advanced technology, development of smart materials and lighter structures, it seems that it is 
worth revisiting the morphing aircraft concept. It had a major revival in the 1980s as there 
were huge investments in a number of major morphing aircraft development and 
demonstration programs in the United States. These include the Mission Adaptive Wing 
Program [20], the Active Aeroelastic Wing Program [21], the Smart Wing Program [22], and 
the latest, the Morphing Aircraft Structures Program [23–25].  
Leading the way in wing morphing technology was the Air Force/NASA/Boeing Mission 
Adaptive Wing Program (1979–1988) [20]. The program succeeded in enhancing cruise 
performance, maneuver performance, range increase and load alleviation of an F-111 aircraft  
as shown in Figure 2-4, by using smoothly varying leading and trailing-edge camber over 
three spanwise segments. The Air Force/NASA/Boeing Active Aeroelastic Wing Program 
[20] demonstrated the use of aerodynamic forces to help induce the shape change and the 
reduced wing weight associated with a more flexible wing by employing leading- and trailing-
edge control surfaces and a torsionally softened wing to control the wing twist and 
aerodynamic shape for superior roll performance. High control authority was maintained up to 
low supersonic conditions.  
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Figure 2-7 AFTI F-111 experimental aircraft [26] 
The DARPA/AFRL/NASA Smart Wing program, led by a team from Northrop-Grumman 
addressed the development and demonstration of smart materials based concepts to improve 
the aerodynamic and aeroelastic performance of military aircraft by introducing smoothly 
varying leading- and trailing-edge camber in place of standard hinged control surfaces [22,27]. 
The program was conducted in two phases as shown in Figure 2-8 and Figure 2-9. The 
limitation in Phase 1 (1995–1999) was the low bandwidth achievable with shape memory 
alloy-based actuation. In the Phase 2 (1997–2001) effort, a hingeless, smoothly contoured, 
structurally compliant, trailing edge control surface actuated using high-bandwidth 
piezoelectric motors was tested in the wind tunnel. Spanwise and chordwise shape control was 
shown. Enhanced performance in terms of increased rolling and pitching moments for lower 
control surface deflections, was quantified.  
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. 
 
Figure 2-8 Smart Wing program objectives and evolution [22] 
 
Figure 2-9 Wind tunnel model scales and test parameters for Phases 1 and 2 [22] 
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In the most recent DARPA/AFRL Morphing Aircraft Structures Program [22-25], NextGen 
Aeronautics team created a wing that can extend the aspect ratio by 200%, area by 70% and 
span by 40% using a system that permits continuous morphing and independent control of 
sweep and area. A second Lockheed Martin team produced an aircraft wing capable of folding 
and can be locked in two positions. 
Research in morphing aircraft structure is not only confined to the United States. In Europe, a 
consortium headed by the German Aerospace Centre (DLR), commenced the Adaptive Wing 
Project in the mid-1990s [10, 28-31]. The objective of the program was to attain a variable 
camber and an adaptive ‘bump’ to improve shock, by means of adaptive structural systems. 
The technologies developed from the program were meant to enhance the aerodynamic 
performance of transonic wings of civilian aircraft over a wide range of altitude, Mach number 
and aircraft weight. 
The most investigated approach of shape morphing is by changing the airfoil camber. Similar 
as the rotation of ailerons, the airfoil camber can be uniformly changed along the span in the 
same way as the rotation of the ailerons. In some cases, internal mechanisms were used to 
obtain camber change, but smart materials such as piezoelectric and shape memory alloy 
remains the more popular choice.  
2.3.1 Internal Mechanism Actuation 
The most common concept using internal mechanism is by breaking the rib structure into 
finger-like sequential-hinged segments. One example is a variable camber wing which was 
designed, fabricated and tested by Poonsong using hinged segmented ribs attached to a single 
leading edge spar and covered with a latex skin [32]. In order to strengthen the skin at the 
hinges, extra lateral strips of stretchable latex were used, and additional non-stretchable cloth 
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was used to cover the rest of the wing between the hinges for reinforcement. Pneumatic 
actuators were used to produce successive rotation of the rib which varied the camber line and 
was able to produce a camber change of up to 8%.  The downside of this design is the high 
weight penalty due to the rotating mechanism and pneumatic actuation system.  
Another good example of the segmented rib concept is the design presented by Monner et. al 
where the ribs consisted of separate plate-like elements which are connected by revolute joints 
driven from one single point [33]. The airfoil was covered by flexible skin and large 
displacement of the trailing edge was produced when the top and bottom skin slide with 
respect to each other. 
Campanille and Sachau developed an active camber control using compliant structure called 
the “belt-rib” which allows camber changes within given limits while the in-plane stiffness 
properties of the section remain generally unchanged [10]. The frame consisted of a closed 
shell reinforced by in-plane stiffeners. The proposed model was actuated mechanically by 
Bowden cables and a spindle mechanism, but with the development of smart material, it was 
suggested to be replaced by a multifunctional actuator such as shape memory wire. 
Another compliant structure design is a wing with an internal compliant system proposed by 
Saggere and Kota [34, 35]. Actuators were used to alter the airfoil camber by the reshaping of 
leading and trailing edge. The internal mechanism was used to amplify the actuators 
displacement. The actuator location could be predicted which was used to obtain arbitrary 
airfoil shape within the actuator’s limit. 
The use of bi-stable plates has also been considered as an internal mechanism to change the 
airfoil camber by Diaconu et al [36]. A square bi-stable composite plate was inserted into the 
airfoil section along the chord, and its leading edge was clamped to the airfoil at its spar 
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connection. The trailing edge of the plate was hinged to the airfoil surface in order to allow 
relative movement of the skin during actuation. The airfoil section is morphed between two 
different stable shapes by actuating the bi-stable plate. 
2.3.2 Piezoelectric Actuation 
In the Smart Wing Phase 2, piezoelectric (PZT) actuation was considered for high-rate 
actuation of hingeless control surfaces. Piezoelectric stacks were mounted locally between two 
reacting vertebrae which produced bending moment distribution. The position of the stack 
provided the necessary arm which allowed the linear extension of the local stack to be 
transformed into local moments. However the targeted deflection was unattainable due to the 
small induced strain. In order to address the limited stroke of the PZT actuators, mechanical 
amplifiers with multiple levers were explored, but it wasn’t feasible because of the space 
limitation and the high flexural stresses at the mechanical amplification linkage. Eventually, 
the PZT-based design was abandoned. 
Lightweight PZT composite actuators embedded between three glass/epoxy and 
graphite/epoxy layers in a non-symmetric stacking sequence were used by Lim et. al to deform 
the trailing edge of an airfoil section [37]. Two models were made, with the first design 
consisting of an active top layer, and the second design consisting of active top and bottom 
layers. For a load-free condition, the design produced a 5º trailing edge deflection at 300 V 
input.  
PZT was also used to deform the centre post-buckled plate (PBP) of a prototype wing in the 
design developed by Vos et al [38]. In order to enhance the deformations, stretchable skin was 
used in the design. The PBP actuator comprised of two conventional piezoelectric sheets 
bonded to either side of a structurally stiff centre plate. In order to bend the centre plate, 
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asymmetrical electrical potential was supplied to the two piezoelectric sheets which caused 
one to expand and the other to contract. The design was able to produce a trailing edge 
deflection of ± 3.1º. From the wind tunnel and flight tests conducted, it was found that the 
post-buckled pre-compressed morphing wing increased the roll control authority of a UAV 
with 1.4 m span and reduced power consumption. 
2.3.3 Shape Memory Alloy Actuation 
SMA linear actuator was also explored in the DARPA Smart Wing program [22,39]. It was 
used to control the flexible trailing edge by attaching them to the top and bottom of the trailing 
edge spar in an antagonistic way. In this application, the actuator was able to bend the trailing 
edge but the gained deformations were deemed unsatisfactory. The performance of the SMA 
actuator was reduced as a result of shape memory recovery force, due to the undesired in-
plane compression of the centre sheet. Other issues that were identified and need to be 
addressed which include:  
 Exploring other concepts for flexible structure that may be superior to the 
honeycomb core/silicon skin design used on the program. The structural 
performance met all the program requirements in terms of deflections, shape 
integrity etc., however the structural design is far from the optimized solution.  
 Concurrent design of the flexible structure and the actuation system (including 
sensors for feedback control) which will result in the design of an optimal, 
integrated smart control surface. 
 Longer-term fatigue lives of the structure and the motor under operational 
conditions are unknown and need to be determined. The multiple motors in the 
control surface provide inherent redundancy and graceful degradation. 
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Sofla et al. tried to overcome the above problem of undesired in-plane compression by 
developing a series of SMA-actuated flexural structures, which could be used to deform wing 
sections [40-42] based on a concept called antagonistic flexural unit cell (AFC), where a pair 
of one-way SMA actuators were placed at either side of a highly flexible unit core structure 
(with large in-plane stiffness) as shown in Figure 2-10. When the SMA actuator is heated, its 
contraction will result in the extension of the opposing SMA actuator mechanically. The 
actuation is reversed through the contraction of the now-extended actuator upon heating. High 
authority shape morphing beams can be constructed by the linear replication of the AFCs 
which can then be used in the making of reconfigurable wing boxes for shape morphing wing 
structures [43-44]. 
 
Figure 2-10 Chord-wise bending achieved by the heating of SMA strips in an antagonistic design. 
(a) Un-morphed and (b) morphed [44] 
It was acknowledged that the slow cooling rate of the SMA actuation is unsuitable for the 
flight control applications; however the achievable aerodynamic changes are deemed suitable 
for in-flight mission adaptation of the wing. The advantages of the AFC based actuated 
structures are the ability of the distributed SMA actuators to carry aerodynamic load thus 
reducing the weight penalty, and the new wing shapes after the cooling of each SMA actuator 
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are retained without requiring power, resulting in fuel saving and increased aircraft endurance. 
Using this concept, two designs are currently under development as shown in Figure 2-11 and 
Figure 2-12. Currently the solid wind tunnel test models are fabricated in order to establish the 
optimal geometry of a wing and targeted shapes, after which the full scale and completed 
shape morphing wing will be fabricated.  
 
Figure 2-11 A sliding wing morphing concept [3] 
 
Figure 2-12 A lateral reforming of wing concept [3] 
 30 
Another design for a morphing wing concept was introduced using shape memory alloy 
spring. SMA springs with the help of stop structures are used to actuate accurately certain 
points on the skins to approach the target airfoil [45]. The prototype developed is shown in 
Figure 2-13. From the simulation and measured results, it was discovered that the skin 
actuated by SMA springs on specific discrete points could obtain good actuating results near 
these points.  There were errors between simulation value, measured value and target value at 
the positions far away from the points actuated. The error was the biggest at points which are 
far away from both the actuated points and the constraint points, caused by the difference 
between the successive deformation character of rigid body and the singular character of the 
target shape. This means average distribution of actuated points along the chord was favorable 
to approach the target shape better.  However it is unknown if this method is able to produce 
significant improvement in the aerodynamic performance, because there is no wind tunnel test 
or CFD analysis carried out on this model.  
 
Figure 2-13 Assemblage of the lower skin and actuators for the changeable airfoil using SMA 
springs [45]  
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Hutapea et al have developed a prototype of a smart actuation system for an adaptive airfoil by 
controlling the flaps [46]. The prototype is shown in Figure 2-14 where the SMA springs were 
fixed at one end to the wing box towards the leading edge of the airfoil while the other end 
was attached tangentially to a rotating cylinder fixed to the flap. In order to produce rotation of 
the flap in both the upward and downward directions, the springs were arranged in an upper 
and a lower layer. An applied current was used to produce heat which controlled the spring 
actuators. The electrical power was controlled by a three-way switch which was used to 
control the electrical power that provided three possible settings: current delivery through the 
upper layer of springs (flap deflection up), current delivery through the lower layer of springs 
(flap deflection down), or no current supplied (power-off/standby). The two critical design 
considerations that were used to evaluate the feasibility of the smart actuation system are 
SMA material response time to heating and maximum force on the flap during a simulated 
flight. Theoretical analysis was carried out to illustrate the impact of electrical power on the 
SMA spring activation time, and also explored the performance of the model exposed to 
realistic flight temperatures. Due to the size of the prototype, the wind tunnel test was 
conducted at the tunnel outlet in order to evaluate the performance under dynamics loading. It 
was found that the SMA actuators were able to control the position of the flap successfully, 
with minimal additional time delay due to the dynamic loading. The prototype developed 
demonstrated strong potential, however a feedback control system has yet to be incorporated 
in the design and the effectiveness of the system is still unknown.  
 32 
 
Figure 2-14 Flap deflection by SMA actuation [46] 
Strelec et al have examined the feasibility of using SMA actuator in a reconfigurable airfoil 
[47]. Their research work focused on developing an optimization method to determine the 
necessary placement of the SMA wire actuators within the wing. A global optimization 
method that incorporates a coupled structural, thermal, and aerodynamic analysis has been 
utilized. A genetic algorithm has been chosen as the optimization tool to efficiently converge 
to a design solution, and used a cost function based on the aerodynamic properties of the 
airfoil to optimize this design problem and to maximize the lift-to-drag ratio for a reconfigured 
airfoil shape at subsonic flow conditions. A wind tunnel model reconfigurable wing was 
fabricated based on the design optimization to verify the predicted structural and aerodynamic 
response. Aerodynamic analysis was carried out on an experimental wing model that was 
developed as shown in Figure 2-12. From the bench test it was clear that the SMA actuators 
were effective in producing a camber change, as the trailing edge deflection measured 6.0 mm.  
The results from the wind tunnel test showed an increase in the lift coefficient at 0, 5 and 10 
degrees angle of attack, when the SMA actuators were turned on.  However, the effect on the 
lift-to-drag ratio cannot be determined because the change in drag coefficient was not 
presented.   
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Figure 2-15 Reconfigurable airfoil model [47] 
Another method of changing the airfoil shape is by moving the transition point position on the 
airfoil using a single point control as proposed by Popov et al [48-51]. The cross section of the 
wing model is shown in Figure 2-16 and the schematics of the flexible skin mechanical 
actuation is shown in Figure 2-17. The SMA actuator was used to move the transition point 
closer to the trailing edge in order to improve the laminar flow on a wing. The upper surface 
of the airfoil was modified using an actuator located at a certain percentage of the chord where 
its corresponding deflection was obtained. The transition point position was found from the 
detection of a sudden increase of pressure. 4 ply laminate structure in a polymer matrix, with 2 
unidirectional carbon fibre inner plies and 2 hybrid Kevlar/Carbon fibre outer plies were used 
to manufacture the flexible skin. Since flexibility was needed for profile modification, the 
hybrid Kevlar/Carbon fibre was used in the chord-wise direction, whereas the low-modulus 
unidirectional carbon fibre was spanwise installed, in which case rigidity was preferred.  
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Figure 2-16 Cross section of the wing model [49] 
 
Figure 2-17 Schematics of the flexible skin mechanical actuation [49]  
An optimization method was implemented into the control software code that allowed the 
morphing wing to adjust its shape to an optimum configuration under the wind tunnel airflow 
conditions. This research is different from the others that have been reviewed previously as it 
performed experimental testing of the controller of morphing wing under wind tunnel 
condition. Two closed-loop control methods were introduced to obtain and maintain the 
optimized airfoil during wind tunnel tests.  The block diagrams for both of these methods are 
shown in Figure 2-18 and Figure 2-19. It was found that the results were more accurate and 
obtained with more fidelity by using the actuator’s position obtained through the LVDT sensor 
as feedback, instead of using the Cp values obtained through a Kulite pressure sensor as 
feedback due to high sensitivity of the airflow external influences. 
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Figure 2-18 Open-loop control using optimized airfoils database and actuator positions as 
feedback [49] 
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Figure 2-19 Closed-loop control using optimized airfoils database and Cp values as feedback [49] 
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Even with the numerous developments, no commercial reconfigurable plane in the range of 
low speed, small aircrafts exists, as presented in the review conducted by Sofla et. al. [3]. In 
the proposed systems, the advantages of a broad control of aerodynamics are obviously offset 
by various shortcomings. Another extensive review presented by Barbarino et. al also 
confirmed that although many interesting morphing wing concept have been synthesized, only 
few reach the stage of wind tunnel testing and even fewer have flown [52]. The successful 
implementation of wing morphing technology particularly for a UAV must overcome the 
weight penalty due to the added actuation system [3]. Although SMA actuators may be the 
answer to this problem, there is still no working solution at the present time due to structural 
constraint and difficulty in controlling the nonlinear actuators.   
Most researchers conduct simulations to find the optimized solution for morphing wing 
problem [53,54], with a few going a step further to develop prototypes [45-48]. Wind tunnel 
tests have been conducted on a few of these prototypes [47,48], but only in one instance was a 
feedback control used to change the airfoil shape during the wind tunnel experiment [48]. 
However it is still unclear if any of these prototypes is effective in improving flight 
performance of a UAV during cruise at a minimized cost that will make its implementation 
feasible. So clearly there is a need to develop a robust control system for a morphing UAV 
wing using SMA actuator by selecting the best feedback parameter to ensure accurate control, 
minimize power consumption, as well as producing substantial improvement in flight 
performance which makes it viable to be implemented on a UAV. In addition to that, it is 
essential to determine which class of UAV would actually gain the most from utilizing 
morphing wing technology. 
As mentioned before, there are penalties associated with morphing wing technology. It is 
imperative to consider those penalties before any conclusion can be made on the benefits of its 
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implementation. Cost analysis of the UAV flight is essential to ensure that the improvement in 
performance of the morphing UAV outweighs any cost involved. Currently, no reliable data is 
available for the weight and energy consumption of the actuators and other mechanical 
devices required to perform in-flight wing morphing with the use of smart materials and 
adaptive structures. Some researchers resort to using penalty factors to account for the 
additional weight and energy required for morphing [53,54]. This analysis can be executed 
more precisely if there is data on the change of the aerodynamics of a morphing wing as well 
as the actual power required for morphing under aerodynamic loading obtained through wind 
tunnel experiments.   
From the literature, it is shown that significant amount of research work has been conducted in 
the area of morphing UAV wing using SMA actuators [22,29-49]. It has been established that 
there is a need to overcome problems associated with conflicting requirements such as 
flexibility and stiffness, and at the same time able to maintain aerodynamic shape with 
moderate power requirement [3]. Researchers have proposed suitable flexible materials that 
are able to morph while maintaining the aerodynamic shape [71]. It has also been proven that 
shape memory alloy can be used efficiently as actuator in the morphing wing design [45-46]. 
Wind tunnel tests that have been conducted demonstrate that morphing wing is capable of 
improving the aerodynamic performance by reducing drag and/or increasing lift [47-51].  
However, the biggest question that has yet to be answered is the coefficient of merit of using 
SMA morphing for UAVs. In order to provide the solution to this question, it is necessary to 
investigate the cost involved in the implementation of morphing UAV wing which include the 
weight penalty of morphing actuator and power required for morphing actuation. In order to 
reduce both the weight and power, it is critical to develop an efficient control system to 
actuate the morphing UAV wing.  
 39 
2.4 Smart Materials 
The ideal material for an actuator in the morphing wing control system should respond quickly 
to the external stimuli, be capable of large and recoverable strain, transform effectively the 
input energy to mechanical energy, and not be affected by fatigue issues [55].  Fontanazza et. 
al suggested that the benefits of using smart material compared to pneumatic or hydraulic 
actuators are reduced complexity and improved reliability of the system [55].  
Smart material can be tailored to create a specific response to a combination of inputs [56].  
These materials include piezoelectric, electrostrictive and shape memory alloy (SMA).  The 
density and elastic modulus values for piezoelectric material and shape memory alloy fall in 
the middle range [57]. The modulus is in the order of 10 to 100 GPa and the density is usually 
between 7000 to 8000 kg/m3.  Piezoelectric polymer elastic modulus is in the order of 1 to 3 
GPa with density between 1000 to 2000 kg/m3 which makes it the softer material, while the 
softest is electroactive polymer with modulus in the order of 1 MPa to 500 MPa and density of 
approximately 1000 to 3000 kg/m3.  
Piezoelectric material converts energy between mechanical and electrical domain [58]. It 
exhibits electromechanical coupling, which is useful for sensing and actuation. When 
mechanical stress is applied, it produces electrical displacement and mechanical strain under 
application of electric fields. It is efficient, produces a fast response and is capable of 
producing high blocking forces.  However, piezoelectric ceramic has a much lower free strain 
where the free strain here is defined as the amount of strain available in the piezoceramic 
when it is placed in an electric field without presence of any external stress [58]. 
Shape memory alloy is a thermomechanical material typically comprised of a mixture of 
nickel and titanium, which changes shape when heated or cooled [55]. When it is cooled to 
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below a critical temperature the crystal structure enters the martensitic phase, where alloy is 
plastic and can easily be manipulated through very large strain ranges with little changes in the 
material stress. When heated above the critical temperature, the phase changes to the austenitic 
phase where the alloy resumes the shape that it formally had at the higher temperature. It is 
relatively heavy, strong, can withstand high strain levels and has a very large energy storage 
capacity.  Some of its disadvantages are low efficiency and susceptibility to fatigue. 
Table 2-1 lists the most common characteristics of some smart materials which include 
maximum free strain, maximum stress, deformation energy density, efficiency, and relative 
speed of response [59]. Among all the smart materials, SMAs appear to have superior 
capability in producing large plastic deformations. In recent years, interests in SMA 
applications for adaptive structures have been increasing not only due to this unique quality, 
but also because of their high power-to-weight ratio and low driving voltages. Power-to-
weight ratio here is defined as the measurement of the mechanical output power produced by 
the actuator divided by its weight. 
Table 2-1 The characteristics of smart materials [59] 
Material Max. strain 
(%) 
Max. stress 
(MPa) 
Elastic energy 
density (J/g) 
Relative 
speed 
Electrostrictor Polymer P 
(VDF-TrFE) 
4 15 0.17 Fast 
Piezoelectric Ceramic (PZT) 0.2 110 0.013 Fast 
Single Crystal (PZN-PT) 1.7 131 0.13 Fast 
Polymer (PVDF) 0.1 4.8 0.0013 Fast 
SMA (TiNi) >5 >200 >15 Slow 
 
2.5 Shape Memory Alloy 
 
Nickel titanium is the most commonly used SMA to which copper is sometimes added to aid in 
the strain recovery process. The process of shape change or creating movement comprises of a 
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five-step procedure that occurs within the material in which the shape memory effect is 
developed. Figure 2-20 shows the entire process [60,61]. The first step is the parent austenitic 
phase which occurs at a high temperature with zero stress and strain.  In order to create twinned 
martensite, the parent austenitic structure is cooled in the absence of both stress and strain. Next, 
the twinning process is reversed by stressing the material which causes the now de-twinned 
martensite to develop inelastic strains. While still maintaining its de-twinned form with the 
elastic strain, the load is then released. Finally, the material returns to its original shape and 
composition when all inelastic strains are recovered by heating the SMA to its parent austenitic 
start temperature. 
 
Figure 2-20 Schematic of temperature-stress-strain for SMA crystallographic phase 
transformation [60, 61] 
2.6 Constitutive Model of Shape Memory Alloy 
 
The model describing the SMA wire actuators behaviour is readily available. The important 
temperature parameters that describe the SMA model are martensite finish temperature (Mf), 
martensite start temperature (Ms), austenite start temperature (As) and austenite finish temperature 
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(Af). The SMA model being considered here is characterized by As > Ms. Liang has derived a 
relation between martensite fraction and temperature (ξ – T) using a cosine function [62]. The 
two equations describing the martensite fraction during the transformation under free stress 
condition from M→A and M←A are given as,  
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If the M→A transformation starts from a state that has mixed austenite and martensite phases, 
denoted by (ξM, TM), it is assumed that during the heating process, there will be no new austenite 
phase until the temperature is higher than As. The transformation for temperatures above As is 
described by 
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If M←A transformation starts from (ξA, TA), it is assumed that until the temperature is cooled to a 
temperature lower than Ms, there will be no new martensite phase and the transformation from Ms 
to Mf  is described as 
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Using the above equations, the change in martensite fraction as a function of temperature under 
free stress condition can be plotted using MATLAB as shown in Figure 2-21.  
 
Figure 2-21  Martensite Fraction vs Temperature  
The SMA model used in the simulation for the controller design is derived by Jayender using 
Liang’s model [63]. This particular model was chosen due to excellent tracking response in the 
simulation and experimental results which clearly justify the use of the model for describing the 
transformation between martensite and austenite phases. This model replicates the behaviour of 
the SMA on the physical process involved. Due to the occurrence of hysteresis, the modelling of 
heating and cooling of the SMA actuator were separated.  The specifications of the model are 
listed in Table 2-2. 
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Table 2-2 Specifications of nickel titanium (SMA) wire 
Parameters Value 
Mass per unit length ( m in kg.m-1) 4.54e-4 
Specific heat capacity (cp in J.kg-1.K-1) 320 
Resistance per unit length (R in Ω.m-1) 12.2 
Thermal expansion (θt in N.m-2.K-1) -11e-6 
SMA initial strain (εi) 0.03090 
Heat convection coefficient (h0 in J.m-2.s-1.K-1) 28.552 
Heat convection coefficient (h2 in J.m-2.s-1.K-1) 4.060e-4 
Diameter of wire (in m) 305e-6 
Length of wire (in m) 0.035  
Ambient temperature (Ta in °C) 20 
Martensite to austenite transformation temperature (Af in °C) 70 
Austenite to martensite transformation temperature (Mf in °C) 55 
Spread of temperature around Af  ( σa in °C) 6 
Spread of temperature around Mf  ( σa in °C) 4.5 
 
This model consists of three dynamic equations describing the variation of mole fraction with 
temperature using Fermi–Dirac statistics, temperature dynamics based on Joules heating—
convectional cooling, a constitutive equation relating the stress and strain in SMA to changes in 
temperature and the mole fraction of the SMA in the austenite phase given as 
   ξθεσ &&&& Ω+−= TE t                                                                 
 (15) 
where σ is the stress in the SMA, E is the Young’s modulus of the alloy, ε is the strain, θt is the 
thermal expansion factor, Ω = -Eεi is the phase transformation contribution factor, and εi is the 
initial strain the SMA. 
The dynamic characteristics of the SMA are completely defined by either heating or cooling. σe 
can be defined as the integral of the error, i.e., 
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where εref is the reference trajectory. The dynamic equations of the SMA along with equation (16) 
can be represented in the state-space form 
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where 
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and u is the input voltage to the SMA wire. The nonlinear equations are linearized about a set 
of operating points (ε0, T0, ξ0, u0) on the reference trajectory. 
Equation (15) is linearized about the calculated operating points, assuming the no-load case, to 
obtain linear models in the form 
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The closed form expressions of A and B are given as 
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where Tf is chosen either as Af or Mf according to whether the SMA actuator is being heated or 
cooled. Correspondingly, σi is chosen as either σa or σm and K is chosen as ξa or ξm.   
2.7 Shape Memory Alloy Actuator 
There are some drawbacks in using SMAs such as nonlinear response of the strain to input 
current and hysteresis characteristic as a result of which their control is inaccurate and 
complicated. The accuracy of the mathematical model is critical as the efficiency of an SMA 
actuator depends on the preciseness of its control. Due to the complexity of modeling SMA 
actuators, there have been a number of studies dedicated to modeling and control of the SMA 
actuator [63-67]. The methods proposed to reduce the complexity include continuous-time 
model which fits differential equation to experimental data, the Preisach model which is used 
to model the hysteresis, feedback linearization and variable structure control. However, each 
of these methods has its limitations.  
It is a difficult task to achieve precise control by using feedback of temperature, resistance and 
so forth even though some constitutive models can represent the mechanics behaviour of 
shape memory alloy under the condition of multifield coupling. For the adaptive airfoil with 
SMA springs, a simple locating structure can accomplish precise position control by 
combining electric and mechanism methods and the loss of part of the actuating or 
deformation ability of the SMA springs [45]. 
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Another method of modeling SMA is using the physics of the process where the Fermi–Dirac 
statistical model is used to represent the two-state process [63]. Based on this model, two 
controllers were developed and implemented experimentally: a gain-scheduled controller 
based on LQR optimization and a loop-shaping controller. In this model the rate of heating of 
the SMA can be controlled while the rate of cooling of the SMA wire, which happens through 
natural convection, cannot be controlled. The simulation and experimental results demonstrate 
excellent tracking response for the SMA, without the presence of perturbations, thus 
validating both the model and the control scheme. The results proved that the model for 
describing the transformation between martensite and austenite phases is viable. 
In the case of using transition point position as a means of changing the geometry of the 
airfoil, a theoretical SMA model developed by Terriault [67] was used in the control design. 
Due to the SMA nonlinear behaviour, it was a challenge to perform the control with the SMA 
in the closed loop. It was necessary to use several controllers which included a PID controller, 
a proportional controller and variable gains were needed to control the SMA actuator and the 
entire closed loop.  The simulation results showed that the proposed controller produced a fast 
and precise response.  
An anti-windup compensated (AWC) PI controller for an embedded SMA actuator was 
implemented and its performance was compared to an experimental model-based controller 
and a neural network controller [69]. In order to determine the robustness of the controllers, 
the airflow around the airfoil was changed when the set value was kept constant. Step 
response tests and a set value ramp tracking were used to evaluate the performance of the 
controller. The most significant finding from these tests is that the power limitation is more 
critical than nonlinearities in the system. This proves SMA actuators can be effectively 
controlled using PID if the power limiter is properly compensated.  
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2.8 Flexible Skin Material 
Thill et al presented a comprehensive overview of morphing concepts with an emphasis on 
morphing skin [70]. According to the study, in spite of numerous morphing aircraft concepts 
being put forth, limited focus has been given to the problems relating to the skin of morphing 
structure which requires smooth and continuous deformation while carrying load. The task of 
combining properties like flexibility and stiffness in one structure is proving to be a very 
complex process. Anisotropic and variable stiffness structures have the potential to alter shape 
and produce small increases in areas of the wing. Stiffness in the chordwise direction can 
either be tailored or actively controlled to obtain desirable shape changes. Some possible 
structures for a morphing wing include corrugated structures, reinforced elastometers or 
flexible matrix composite tubes embedded in a low modulus membrane. 
A highly anisotropic skin is the ideal skin for a morphing aircraft according to Gandhi et al 
because it will prevent skin sections between supports from undergoing local bending 
deformations and sections of the skin in compressive loading from undergoing buckling [71].   
It was observed that airfoil with a low skin axial stiffness is able to camber easily.  However, 
undesirable global camber deformation under the external aerodynamics load will occur if the 
skin axial stiffness is reduced below a certain limit.  So the best solution is to reduce the skin 
axial stiffness no further than the point beyond which the aerodynamics deflections are no 
longer acceptable.  This will produce a larger camber deformation under actuation force. 
Selection of a suitable skin material is vital in producing a smooth wing surface when 
morphing takes place. Different types of skin material will produce different effects on the 
surface of the morphing wing, which leads to varying aerodynamic performance. For a 
morphing wing, stiffened metallic, typically aluminum alloy is the most commonly used panel 
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as an outer skin. In terms of strength to density ratio, aluminum alloy can be superior to steel, 
though not to titanium alloy, but it is better than both in respect of stiffness criteria [72]. 
Elastometers or rubbers are a class of polymer with a low density of cross-links and the ability 
to undergo large elastic deformations without permanently changing the shape [73]. It was 
employed in the DARPA Smart Wing project where the skin was made of high strain-to-
failure silicone, over honeycomb core [22]. It performed effectively and met the program 
requirements in terms of deflection and shape integrity. However, it was noted that other 
concepts may prove to be more superior such as a coreless semi-rigid skin which needs to be 
investigated further.  
Acrylonitrile butadiene styrene plastic or ABS is also used as skin material for morphing 
structures. It is a durable, high strength modeling material that can be machined, sanded, 
drilled, painted and glued after the model is built. It was used in the second generation 
prototype wind tunnel model for reconfigurable wing at Texas A&M University College 
Station [47].  Using ABS allows the drilling of pressure ports, the adhesion of pressure tubes 
to the skin, and the sanding of the skin to achieve a smooth aerodynamic surface. In addition, 
the thickness can be varied throughout the model, as opposed to steel skin which has constant 
thickness. This allows tailoring of stiffness for precise areas on the wing. Another example is 
the Scythe UAV shown in Figure 2-22, which was developed from SBIR funding. It was 
constructed with thermoplastic materials utilizing a double monocoque structure with both the 
structural skin and the large honeycomb cores made from ABS [74]. 
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Figure 2-22 Scythe UAV [74] 
Research conducted by Reich et al focused on developing an analytical framework for design 
of a morphing skin that is able to overcome problems associated with conflicting requirements 
such as flexibility and stiffness, and at the same time able to maintain aerodynamic shape with 
moderate power requirements [75]. The proposed solution is a designer skin capable of spatial 
flexibility across the wing by creating a composite system made up of a combination of 
elastometer or shape memory alloy, with smaller reinforcing mechanisms.  This type of skin 
solution has been employed in the Northrop Grumman Smart Wing and the NextGen 
Aeronautics batwing design which featured polyurethane membrane skins with internal 
flexible or mechanized structure as support. 
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Chapter 3: Experimental Setup 
3.1 Morphing Wing Design 
The first step in the design of the control system for a morphing UAV wing is to build a wing 
model with a structure that allows modification of its airfoil shape. The biggest setback in the 
development of a morphing wing thus far is the bulky nature of available actuators that can 
provide enough force to overcome the structural stiffness of the wing and achieve this shape 
change [10]. Other constraints include availability within the wing and the weight of the 
actuators that can be difficult to overcome with conventional actuators. 
Results from an optimization code developed by Strelec et. al at Texas A&M was used as a 
guide to determine the necessary placement of the SMA wire actuators within the wing [47].  
Strelec et. al used a NACA 0012 as the initial airfoil and the target flow was subsonic at three 
degrees angle of attack. The placement and actuation strain of the SMA wires within the 
deformed airfoil was optimized such that the new airfoil would have a higher lift-to-drag ratio 
(cl/cd) than the initial airfoil. The internal structure of the wing was a conventional 
configuration of spar, ribs, and skin. The SMA actuators were placed both at the leading edge 
and trailing edge with one end attached to the upper skin and another end attached to the lower 
skin as shown in Figure 3-1.  
 
Figure 3-1 Geometry of reconfigurable wing with SMA actuator used for the 2-D finite element 
method [47] 
3.1.1 Finite Element Method  
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Finite element method (FEM) was used to predict the effectiveness of the SMA actuator. FEM 
may provide information which is critical in the design of the SMA actuator such as the force 
required to produce morphing and the placement of the actuator inside the wing to obtain the 
desired change of the airfoil camber. Different configurations were analyzed by changing the 
skin material, the position of the SMA actuators within the wing and forces exerted by it on 
the skin.  In the FE model, the wing panel was represented as wing skin with the spar, base 
and solid leading edge built-in as boundary conditions. Clark Y was chosen as the airfoil due 
to its excellent performance at low speeds which falls in the speed range of a UAV [76]. Due 
to its superior aerodynamic performance and its ease of construction, it has long been popular 
among model builders. 
Different configurations were analyzed by changing the skin material, the position of the SMA 
actuators within the wing and forces exerted by it on the skin. In the simplified 3D FEM 
model which is shown in Figure 3-2, a structural static simulation of the morphing wing panel 
was considered with the SMA actuators action incorporated by means of concentrated forces.  
 
Figure 3-2 Simplified FEM model of the wing panel 
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The wing has a chord of 1 m, span of 0.01 m and thickness of the skin was 4 mm.  The skin 
thickness was chosen such that the airfoil is able to morph while minimizing the occurrence of 
buckling. Plywood, aluminum and acrylonitrile butadiene styrene plastic (ABS) were analyzed 
for the wing skin. It was possible to position the actuator in various ways. Given that shape 
memory alloy wires were used, a truss configuration was implemented as they only provide 
tension forces.  
Placement of the actuator is critical in obtaining the desired change of the airfoil camber. A 
different combination of applied forces by the SMA actuator was analysed. The actuators were 
attached to two points on the upper side of the airfoil and two points on the lower side of the 
airfoil. The coordinates of the points are (0.17, 0.08), 0.35, -0.03), (0.8, 0.4) and (0.6, -0.2).  
An example of result from the FEM analysis is shown in Figure 3-3 which demonstrates that 
the forces produced by the SMA actuators effectively created a change in camber across the 
airfoil.  
 
Figure 3-3  Deflection of the wing panel when the SMA wires are fully actuated 
The analysis was repeated for different types of wing skin material with significant variation 
in trailing edge deflection. A sample of the results are shown in Table 3-1-Table 3-3, where 
the 1st SMA actuator refers to the actuator at the leading edge and the 2nd SMA actuator refers 
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to the actuator at the trailing edge. The results show that the ABS skin wing panel consistently 
produced the biggest trailing edge deflection for different combination of forces applied by the 
SMA actuators, and the aluminium skin wing panel produces the smallest trailing edge 
deflection. 
Table 3-1 Trailing edge deflection of the wing panel with plywood skin 
1st SMA actuator 2nd SMA actuator Trailing edge deflection 
10 N 10 N 1.69 mm 
10 N 20 N 3.36 mm 
10 N  50 N 8.36 mm 
20 N 10 N 1.72 mm 
20 N 20 N 3.39 mm 
20 N  50 N 8.39 mm 
50 N 10 N 1.82 mm 
50 N 20 N 3.48 mm 
50 N  50 N 8.48 mm 
 
Table 3-2 Trailing edge deflection of the wing panel with aluminum skin 
1st SMA actuator 2nd SMA actuator Trailing edge deflection 
10 N 10 N 0.30 mm 
10 N 20 N 0.60 mm 
10 N  50 N 1.50 mm 
20 N 10 N 0.31 mm 
20 N 20 N 0.61 mm 
20 N  50 N 1.51 mm 
50 N 10 N 0.33 mm 
50 N 20 N 0.63 mm 
50 N  50 N 1.52 mm 
 
Table 3-3 Trailing edge deflection of the wing panel with ABS skin 
1st SMA actuator 2nd SMA actuator Trailing edge deflection 
10 N 10 N   9.13 mm 
10 N 20 N 18.11 mm 
10 N  50 N 45.03 mm 
20 N 10 N   9.29 mm 
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20 N 20 N 18.37 mm 
20 N  50 N 45.20 mm 
50 N 10 N   9.79 mm 
50 N 20 N 18.77 mm 
50 N  50 N 45.69 mm 
 
 
3.1.2 Prototype Design 
A wing prototype was then designed using results obtained from the FEM analysis. ABS was 
selected as the skin material as it can produce the biggest trailing edge deflection when 
actuated, while still retaining its shape. Due to space constraint in the trailing edge, it was 
decided that the SMA actuator will be placed only near the leading edge.  The actuator was 
attached to two points near the leading edge of the airfoil.  
The design requirements for the morphing UAV wing prototype were first established. The 
control system for morphing UAV wing was required to produce a minimum 5 mm trailing 
edge deflection. Using FEM, it was found that for a wing fabricated using ABS, the required 
actuation force was approximately 40 N for each 20mm wing span in order to produce the 
desired trailing edge displacement. Since there will be added weight to the wing due to 
actuation mechanism and power supply, the increase in aerodynamic performance of the UAV 
has to be enough to outweigh the added cost. The prototype has to produce a minimum of 15% 
improvement of L/D and the added weight of the morphing mechanism has to be less than 5% 
of the total weight of the original wing. 
A Clark Y airfoil with a chord of 247 mm and span of 285 mm was created using CATIA as 
shown in Figure 3-4. The thickness was minimized to 1 mm in order to get the best morphing 
result without compromising the quality of the model during fabrication. The wing model 
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consists of the body which was fabricated using ABS, the spar and the attachment points 
which were made from wood.  
 
Figure 3-4 CATIA drawing of the wing model 
A series of castellation with each measuring 10 mm x 10 mm was cut at one end of the wing 
to make it more stable during building and to prevent it from warping as shown in Figure 3-5.  
A small supporting spar was also included on the inside of the wing that broke away after the 
build was completed. The schematic diagram of the flexible skin mechanical actuation is 
shown in Figure 3-6. The SMA actuator is placed near the leading edge of the airfoil.  One end 
is attached to the upper skin and is free to move while the other end is attached to the base of 
the airfoil. 
 
Figure 3-5 Model of the wing prototype ready for fabrication 
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Figure 3-6 Schematics of the flexible skin mechanical actuation 
3.1.3 Wing Model Fabrication 
A wing model was then fabricated using Dimension 1200es 3D printer as shown in Figure 3-7. 
Catalyst©EX software oriented the CAD design for the most efficient build and generated the 
necessary support structure. It printed the CAD model of the wing with ABSplus, a production 
grade thermoplastic. 
 
Figure 3-7 Dimension 1200es 3D printer 
Inside the Dimension printer’s build envelope, the dual-tipped extrusion head deposited a 
liquefied model and support material following precise paths calculated by Catalyst©EX. The 
Wing 
SMA Actuator 
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wing model was built layer-by-layer from the bottom up as shown in Figure 3-8.  The model 
was hard as soon as the printing was completed and required no waiting for the model to cure.  
The breakaway support material simply snapped off the wing model. 
 
Figure 3-8  Wing model being built in the Dimension 1200es 3D printer 
3.2   Shape Memory Alloy Wire Bundle Actuator  
In order to increase the pull force of the SMA actuators while still preserving the contraction 
properties, they were constructed in a bundle which consisted of a multitude of wires in 
parallel attached to a bracket by crimps at the both ends of the actuator [77]. The method of 
using SMA wire bundle has been used in robotics application but not in the morphing wing 
design [77 - 79]. The need to produce large force from the actuator is achieved by bundling the 
wires without sacrificing actuation time. However, the actuator bandwidth and power supply 
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requirements may be affected significantly and thus have to be taken into consideration when 
designing the SMA bundle actuator [79]. 
The performance of the SMA actuator is altered considerably if the surface to volume ratio is 
changed because the bandwidth of a SMA wire is mainly determined by heat transfer through 
the surface of the wire. So it is better to use many thin wires instead of a single thick wire to 
improve the force capabilities of an SMA actuator without affecting the bandwidth. The wires 
must also remain separated to ensure effective cooling by allowing air to flow freely around 
all surfaces.   
In the phase transformation of an SMA, heat is absorbed during the reverse transformation 
(martensite to austenite) and it is released during the forward transformation (austenite to 
martensite). This heat is called the latent heat of transformation (∆H). This latent heat is 
expressed by a variation with temperature of the redefined specific heat of the SMA [80]. The 
area under the curve described by the specific heat is the latent heat of transformation. During 
phase transformation the heating and the cooling of the SMA are slowed down due to the 
latent heat of transformation. Therefore, when doing a transient heat transfer analysis for the 
SMA wire bundle, it is necessary to consider this effect. 
Although the temperature dynamics in Eqn.(13) of the SMA model presented in Chapter 2 is 
inclusive of the phase transformation contribution factor, Ω, it would be beneficial to 
explicitly model the latent heat phase transformation to accurately predict the heating and 
cooling times for the SMA actuators. Previous work [81,82] has shown that the rate of energy 
transfer out of the volume for the SMA wire model can be stated as: 
dt
dHmTTAThE aout
ξ
∆+−= )()(&                                                                     
(21) 
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 O’Toole et al have shown that the heating and cooling time responses of SMA bundles differ 
considerably [83]. In order to maximise the dynamic performance of the SMA bundle 
actuator, the transient performance must be optimised. An important consideration when 
completing the characterisation of single SMA wires and SMA wire bundles is the heat 
transfer coefficient, h. Adequate control of actuation can be obtained if the additional heat 
convected into this environment by the SMA bundles is accounted for and removed.  
It might be regarded that the best circuit design for the bundle is a parallel arrangement of the 
wires, but this will result in impractical power supply requirements. For wires that are 
connected in parallel, the resulting effective resistance per unit length (linear resistance), EFFR , 
is given by the following equation: 
∑
=
=
N
n nEFF RR 1
11
                                                                    
(22) 
where N is the number of wires in the bundle and nR  is the linear resistance of one wire. 
Since all wires have the same linear resistance,  
N
RR nEFF =  .                                                                   
(23) 
Therefore, the effective linear resistance of an SMA bundle with all wires in parallel is 
inversely proportional to the number of wires that make up the bundle.  This will result in very 
low resistance if the number of wires is high. Consequently the required actuation current will 
be high, but the resulting voltage drop across the bundle will be low. By creating a circuit 
where the wires are arranged electrically in a combination of series and parallel paths while 
remaining mechanically connected in parallel, this combination of very high amperage and 
low voltage can be avoided [77]. 
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3.2.1 Integration of the SMA Actuator 
The wing was actuated by SMA wires at the leading edge. The SMA wires used in this model 
were FLEXINOL® wires which were precrimped with ring crimps produced by Dynalloy Inc.  
The FE results were used as a guide to design the actuator. It was determined that the actuator 
needs a pull force of 40 N over a distance of approximately 2 mm for each 20mm of the wing 
span.  In order to meet the displacement criterion, a bundle length of 35 mm was chosen since 
the FLEXINOL® wires can contract 5% to 8% of their original dimension. A single 
0.3048mm diameter wire has a pull force of 1250g, so in theory, 4 wires of 0.3048 mm 
connected mechanically in parallel has a total pull force of at least 40N. Since the span of the 
wing is 285 mm, fourteen SMA wire bundles were needed so in total, 56 SMA wires were 
used.  The wire bundles were connected mechanically in parallel but they were connected 
electrically in series.   
The SMA wires were attached to two pieces of wood, which were then glued with epoxy to 
the inner side of the wing near the leading edge.  The schematic diagram of the actuator is 
shown in Figure 3-9. The wing model is shown in Figure 3-10. 
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Figure 3-9 Schematic diagram of the SMA actuators layout (top view) 
 
 
Figure 3-10 Side view of the experimental wing model 
A static experiment was conducted to test the capabilities of the SMA actuators.  When they 
were fully actuated, it caused the airfoil to morph and produced a change in the airfoil camber.  
The deflection of the trailing edge was measured to be approximately 6 mm, which is the same 
as the one produced by the morphing wing developed by Strelec et al [47].  FEM predicted a 
scaled deflection of approximately 5 mm at maximum force for the same SMA actuator.   
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As anticipated there were a few drawbacks in using the SMA wire actuators. The most 
obvious is the slow rate of cooling which consequently affected the performance of the 
actuators. The first test produced the biggest deflection and the trailing edge deflection reduces 
after a few tests.  In order to get a relatively constant result, the actuators had to be given 
enough time to cool down completely.   
It is important to note the morphing UAV wing that has been designed here is suitable as a 
prototype for wind tunnel experiment. Modifications to the design are necessary for 
implementation on a real UAV. A designer skin made of composite can be employed in place 
of the ABS. Since the actuation force is determined by the strength of the material used for the 
wing, the actuation force and power required is scalable only if the property of the material 
used remains the same. The aerodynamic effect of morphing wing for a real UAV is also 
scalable only if the same shape change as the wing prototype here is obtained.  
3.3    Electrical Control System Setup 
3.3.1 Data Acquisition  
The purpose of the experiment was to actively control the morphing of the airfoil actuated by 
the SMA wire actuators.  Data acquisition (DAQ) was used for the process of obtaining data 
from sensors and sending the data into the computer for processing [84]. The sensor was 
connected to a data acquisition board which was plugged into a computer, via signal 
conditioning. The DAQ board is a printed circuit board which supplies a multiplexer, 
amplification, analogue-to-digital conversion, registers and control circuitry for analogue 
inputs in order for the computer to make use of the sampled digital signals.  In the experiment, 
the data acquisition board used was NI-DAQ USB 6229, manufactured by National 
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Instrument.  This board has 80 analogue input channels, a sampling rate of 250 kS/s, a 16-bit 
digital input and 4 analogue outputs.   
The SMA actuators were powered by current supplied by the Manson NP-9615 regulated dc 
power supply with a range of 0-20 V or 0-10 A, controlled through analogue signals from the 
DAQ board.  The schematic diagram of the experimental setup is shown in Figure 3-11 and 
the photograph of the main components of the control system for a morphing UAV wing is 
shown in Figure 3-12.  
 
Figure 3-11 Schematic diagram of the experimental setup 
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Figure 3-12 Photograph of the components for the control system of the morphing UAV wing 
 The power supply unit was provided with the current intensity through an analogue signal 
from a control program implemented in LABVIEW. The voltage was set to 6V and the 
maximum current was 2.2A. A sensor was used to detect the change when the actuator was 
turned on and provided signal as feedback to the LABVIEW control program. The signal was 
compared to the target that had been set in the controller.  The control program turned off the 
current when the actuator reached the desired airfoil shape and the SMA was cycled in endless 
heating/cooling cycles through the controller switching command on/off of the current in 
order to maintain the current airfoil shape.  
Three types of controller that have been designed were tested. Tests were conducted at room 
temperature and in the refrigerator to simulate low temperature conditions. The setpoint was 
varied throughout the experiment to determine the controller’s performance in terms of speed 
of response and steady state error. 
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3.3.2 Strain Gauge as Sensor for Feedback Signal 
The electrical resistance strain gauge is a metal wire, metal foil strip or a strip of 
semiconductor material which can be stuck on a surface [84]. When subject to strain, its 
resistance R changes, the fractional change in ∆R/R being proportional to the strain ε, i.e., 
εG
R
R
=
∆  
(24) 
where G, the constant of proportionality, is termed the gauge factor.  The resistance change of 
a strain gauge is a measurement of the change in length of the element to which the strain 
gauge is attached to.    
The strain gauge used in the experiment was of type F-35-12 T11P15W3, part no. 528 quarter-
bridge with gage factor of 1.98 and resistance of 120 ohms. It was mounted on the upper 
surface of the wing, 55 cm from the leading edge of the airfoil using M200 bond.  A Vishay 
model P3 strain indicator and recorder was used to acquire data from the strain gauge and 
convert this data to an analogue signal.  It is a highly stable measurement circuit, regulated 
bridge excitation supply and precisely settable gauge factor, which enables measurements of 
±0.1% accuracy and 1 micro strain resolution. The analog output range is from 0 to 2.5V 
maximum output with device impedance of 2000Ω and 480Hz output update rate. The analog 
signal was used as a feedback to the control program in LABVIEW.   
The strain indicator captured the change of the strain of the wing skin in micro strain while the 
output from LABVIEW was in voltage. The setpoint is the measured strain represented in 
LABVIEW. Since both the setpoint and the strain are the same measurement it is expected 
that the relationship will be linear as shown in Figure 3-13. This data will be useful in the 
development of the controller as the setpoint will be used to control the morphing of the UAV 
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wing. However during post-processing it will be important to have the true strain 
measurement in order to establish the relationship between the change in the wing shape and 
the aerodynamic forces. 
 
 
Figure 3-13  Setpoint vs strain produced when the actuators were turned on 
3.4 Different Testing Environments 
The control experiments were carried out in different types of environments to determine the 
robustness of the control system for the morphing UAV wing. They are: 
 20°C ambient temperature 
 -13°C ambient temperature 
 wind tunnel environment 
Two sets of experiment were conducted at each condition. In the first experiment, the 
controller was required to track a positive step input which corresponded to an increase in the 
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wing’s trailing edge deflection. Initial value was set to 1270 mV which corresponded to a 
strain value of 640 μS on the upper surface of the wing. A step value of 10 mV was added so 
the new value was 1280 mV, which corresponded to a strain value of 900 μS.   
The controller cannot control the actuator when the wing is returning to its original shape 
because the rate of cooling of the SMA wires can only occur through natural convection [63]. 
This means the environment is the biggest factor affecting the performance of the control 
system of the morphing wing in such situations. In order to verify this, another set of 
experiments was carried out, where the controllers were required to track a negative step input 
which corresponded to a reduction in the trailing edge deflection.  Initial value was set at 1280 
mV which corresponded to a strain value of 900 μS on the upper wing. A step value of -10 
mV was added so the new value was 1270 mV which corresponded to a strain value of 640 
μS.   
3.4.1 Experiments at Room Temperature 
The first control experiment conducted at room temperature which was 20°C, using the setup 
that has been described earlier.   
3.4.2 Experiments at Low Temperature 
Since the nature of hysteresis of the SMA actuator affected the performance of a morphing 
wing control system, it was deemed necessary to investigate the effect of surrounding 
temperature on its performance.  Since the temperature during UAV flight drops significantly 
as it reaches higher altitude [84], it was essential to investigate how efficient the SMA 
actuators were in cold temperatures. In order to replicate a low temperature environment, 
another set of control tests was conducted in a refrigerator. The temperature of the refrigerator 
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was set to -13°C. The setpoint for this experiment was the same as in the previous control test. 
The response of the controller was observed. 
3.4.3 Experiments at Wind Tunnel Conditions 
Currently there are no satisfying theoretical models that can be used to control the SMA 
actuators in different environments [68]. So it is necessary to conduct the control experiment 
in environments which are close to the real application. The objective of the wind tunnel tests 
was to create an environment of varying velocity and angle of attack, to study the robustness 
of the control system for a morphing UAV wing in flying conditions. The wind tunnel 
experiments were also used to demonstrate the capabilities of the morphing UAV wing that 
has been developed here by measuring its effectiveness in improving the aerodynamic 
performance of a UAV.   
For the control experiment in the wind tunnel, the power supply had to be increased due to the 
aerodynamic forces acting on the wing. The voltage was set to 10V and 12V which 
corresponded to maximum current of 3.8A and 4.5A. Even with the higher current, the control 
system for the morphing UAV wing was unable to produce the same maximum deflection 
obtained in the control experiment conducted outside the wind tunnel. 
Figure 3-14 shows various ranges of operation for man-made and natural flyers. The Reynolds 
number for UAV typically ranges from 104 to 106. Due to the size of the wing model, the 
Reynolds number chosen for the wind tunnel experiments was 105. 
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Figure 3-14 Dimensionless flight envelopes [86] 
Experiments were conducted in four sets of wind tunnel conditions to investigate the effect of 
velocity and angle of attack on the robustness of the control system for a morphing UAV 
wing.  They are: 
Reynolds number 1.0 x 105 at 0° angle of attack 
Reynolds number 2.0 x 105 at 0° angle of attack 
Reynolds number 1.0 x 105 at 2.5° angle of attack 
Reynolds number 2.0 x 105 at 2.5° angle of attack 
3.5   Wind Tunnel Setup 
3.5.1 The Aerospace Wind Tunnel 
The RMIT Aerospace Wind Tunnel was used to measure the aerodynamic properties of the 
flexible wing. It is a closed return circuit wind tunnel with a maximum speed of approximately 
150 km/h. The orthogonal test section dimensions are 2 m (wide) x 1.5 m (high) x 1.6 m 
(long).  
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3.5.2 Force Balance and Data Acquisition 
A special mounting strut (sting) was designed to the flexible wing which was mounted on a 
six component force sensor (type JR3), and the purpose made computer software was used to 
determine all 6 forces and moments (drag, side and lift forces, and yaw, pitch and roll 
moments) and their non-dimensional coefficients.  The JR3 sensor is a monolithic aluminium 
(optionally stainless steel or titanium) device, instrumented with metal foil strain gages which 
sense the loads imposed on the sensor [87]. The sensor cable is used to send the strain gage 
signals to the external amplifier and signal conditioning equipment. The strain gage signals are 
amplified and merged using software created in LABVIEW to generate signals representing 
the force and moment loads for all axes.  
3.5.3 Test Stand 
The test stand used in this experiment has been designed specifically for use with the JR3 load 
cell. The model was mounted to a vertical sting attached to the load cell as shown in Figure 
3-15. The sting and the load cell were not shrouded. The length of the sting was chosen as a 
compromise between reducing the aerodynamic interference and load cell internal friction. 
Due to the SMA actuator’s position at the leading edge, the model had to be hinged aft of the 
centre of pressure. For a symmetrical airfoil its centre of pressure is typically located at the 
quarter-chord location. However for a cambered airfoil such as Clark Y that was used here, the 
centre of pressure does not occupy a fixed location. For a conventionally cambered airfoil the 
centre of pressure lies a little behind the quarter-chord point at maximum lift coefficient, but 
as lift coefficient reduces with angle of attack, the centre of pressure moves toward the 
rear [88]. The distance between the bottom edge of the wing and the tunnel floor was 200 mm, 
which is well above the tunnel’s boundary layer and considered to be out of ground effect. The 
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angle of attack α could be varied between 0° and +15° with 2.5° steps using electronic 
inclinator. 
 
 
 
 
Figure 3-15  Wing mounted on a strut in the wind tunnel. 
Before the wind tunnel experiment on the wing model was conducted, the drag of the sting at 
Re 2.0 x 106 and Re 1.0 x 106 was measured. This measurement was necessary in order to 
correct for the sting interference on the wing model during the wind tunnel experiment. All the 
results from the wind tunnel experiments presented in this thesis have been corrected to 
exclude the drag due to the sting. 
3.5.4 Low Aspect Ratio Wing 
Due to the limitation during fabrication, the prototype of the wing model has a low aspect ratio 
AR of 1.15.  So it was anticipated that its lift curve may differ from those at high aspect ratio 
[89].   The lift curve for a wing below AR = 2.0 is usually concave up and its slope at zero lift 
can be approximated using [89] 
   deg)(018.0008.0 perAR
d
dCL +=
α
                                                                 
(25) 
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Since the aspect ratio of the wing model is 1.15, the approximated value using equation (25) is 
0.03 /deg.  The experimental value was slightly higher at 0.04 /deg. 
3.5.5 Force Calculation 
After taking the measurements of the two forces and a moment from the load cell: N test and 
Atest, tare and sting force components were subtracted from them (N' and A') in order to have 
the normal force (N), and the axial force (A). The lift and drag were therefore calculated using 
equations: 
αα sincos ANL −=  (26) 
αα cossin AND +=  (27) 
 
 
Figure 3-16  Aerodynamic forces [89] 
The force component convention is shown in Figure 3-16; the moment equation is resolved 
around the load cell coordinate system origin. Coefficients CL and CD were calculated using 
equations: 
SV
LC
C
L 2
2
1 ρ
=  (28) 
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Chapter 4: Control System for a Morphing UAV Wing using 
Proportional-Integral-Derivative (PID) Controller 
4.1 Feedback Control System 
A controller is needed for the morphing UAV wing to attain good tracking performance.  
Before an accurate control of the aerodynamic forces can be achieved, the response of the 
SMA actuator has to be under control. Precise shape control is difficult not only due to the 
nonlinearities, slow response of the SMA actuators and the low heat endurance tolerance of 
ABS. In the morphing wing application, the robustness of the controller is crucial. Due to the 
nonlinear behavior of the SMA, the choice of the variable to be measured and fed back is very 
important in the development of the controller for an SMA actuator.   
For morphing wing, the strain generated on the wing surface during morphing is fed back 
using a strain gauge sensor.  The strain changes as the camber of the airfoil is altered when the 
actuator is heated with electric current. The controller regulates the electric current of the 
actuators to reach the desired shape of the airfoil. A feedback control structure was proposed 
for the morphing UAV wing as shown in the block diagram in Figure 4-1. The input of the 
control system is Sref(t) which is the reference value for the morphing of the wing.  S(t) is the 
actual output of the control system. This variable corresponds to the strain generated over the 
wing skin detected by the strain gauge which was placed on the upper wing surface near the 
leading edge. e is the control error and corresponds to the difference between S(t) and Sref(t).   
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Figure 4-1 Block diagram of the system under consideration  
If the control error e = Sref(t) - S(t) is positive, that is, the strain of the actual wing deflection 
S(t) is smaller than the desired strain, Sref(t), the controller generates a signal ISMA which turns 
the actuator on, allowing electrical current to flow through the SMA wire. The temperature of 
the wire then starts to increase due to the Joule effect produced by the electrical current. As the 
martensite to austenite phase transformation start temperature As is reached, the wire starts to 
recover its high-temperature shape (shorter length), generating a force and creating a  moment 
which deflects the wing until it reaches the reference value Sref(t).  On the other hand, if e is 
negative, i.e. if the strain on the upper surface of the wing, S(t), is larger than the desired 
strain, Sref(t), the controller turns the actuator off by cutting the electrical current so that the 
actuator is cooled by the surrounding air.   
4.2 Proportional Integral Derivative Control (PID) 
In designing the best controller for this system, a few methods were analyzed. Since the 
potential of using PID control for an SMA actuator has not been thoroughly explored, it seems 
to be a good starting point. The PID controller is the most common form of feedback with 
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more than 95% of the control loops in process control being of PID type, where most loops are 
actually PI control [90].  
Currently there is an insufficient in-depth study of proportional-integral-derivative (PID) 
control of SMA actuators. A detailed examination has been done by Pons et al. [91], and Asua 
et al. [92], but not in the application of a morphing wing using ABS.  Generally the tuning of 
the PID controller is deemed insufficient compared to the model-based controllers [65,93-95].  
Due to the fact that SMA is highly dependent on environmental conditions, the model may 
become inaccurate if the environmental conditions differ from the condition in which the 
model is constructed. This is the reason why extensive investigation is needed before SMA 
actuators can be used in any application. Earlier studies have used PID control as a reference 
to assess the performance of the model-based controller, but the tuning of the PID and 
practical realization was overlooked [65,94].  
PID is easy to be implemented as it is well-known to all control engineers and there are 
numerous techniques to tune the controller, either through experiments or theoretically [96]. 
Furthermore, it is fairly easy to employ it on a field programmable gate array (FPGA) which 
offers a real-time control at a high sampling rate [97]. Usually the application of a standard 
PID controller is restricted by the constraint of the industrial control system [96-97]. For the 
morphing UAV wing developed here, the limitations are the phase transition of SMA, 
properties of the ABS structure and limiter of the heating power. 
PID controller is able to take a time derivative or time integral of the input signal, in addition 
to proportional operation [84]. In designing a controller, it is crucial to determine which of 
these components should be used, in what proportion and how they are related. The transfer 
function of the basic PID controller is given by 
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KsKKsG IDPc ++=)(
 (30) 
 
where KP, KD and KI are real constants. For the application in a morphing wing, it involves the 
determination of the values of these three constants so that the performance of the system 
meets the design requirements. The control errors are defined as  
refref SSeSSe &&& −=−=
 (31) 
 
Since we consider a regulator problem, 0=refS& . Therefore, Se &&= . A PID controller which is 
applied to the morphing UAV wing is shown in Figure 4-2.      
 
Figure 4-2 Block diagram of the PID 
4.3 Simulation Results 
For the simulation, the SMA actuator model that has been derived earlier was used. The SMA 
actuator was required to track a unit step input and a sine wave function with a frequency of 1 
rad/s for 10 s. The initial set of gain was chosen as Kp = 100 and Ki = 0.01.  The responses of 
the controller are presented in Figure 4-3 and Figure 4-5 where the red line represents the 
reference input and the yellow line represents the controller’s response. The error of the 
controller’s response to a unit step input is shown in Figure 4-4 and the error of the 
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controller’s response to a sine input is shown in Figure 4-6. The results clearly showed that the 
performance of the controller was very poor in tracking the target.  The response of the PI 
controller to the unit step input was able to reach approximately 20% of the target’s amplitude 
and the steady state error was 77%. The controller’s response to the sine input was in phase 
with the target but it was also unable to reach the target amplitude, with error up to 80%. 
 
 
Figure 4-3 PID controller response with Kp = 100 and Ki = 0.01 to a unit step input 
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Figure 4-4 PID controller error with Kp = 100 and Ki = 0.01 to a unit step input 
 
Figure 4-5 PID controller response with Kp = 100 and Ki = 0.01 to a sine input 
 80 
 
Figure 4-6 PID controller error with Kp = 100 and Ki = 0.01 to a sine input 
After gain tuning the values chosen for the PID controller were Kp = 1000 and Ki = 0.01.  The 
responses of the controller are presented in Figure 4-7 and Figure 4-9 where the red line 
represents the reference input and the yellow line represents the controller’s response. The 
error of the controller’s response to a unit step input is shown in Figure 4-8 and the error of the 
controller’s response to a sine input is shown in Figure 4-10. The response using the PI 
controller improved significantly with better response, but it could only reach 75% of the 
target’s amplitude with a steady state error of 25%. 
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Figure 4-7 PID controller response with Kp = 1000 and Ki = 0.01 to a unit step input 
 
Figure 4-8 PID controller error with Kp = 1000 and Ki = 0.01 to a unit step input 
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Figure 4-9 Response of the PID controller Kp = 1000 and Ki = 0.01 to a sine input 
 
Figure 4-10 PID controller error Kp = 1000 and Ki = 0.01 to a sine input 
Another simulation was carried out on a modified SMA actuator model for the application of a 
wire bundle actuator. The parameters affected by this change were the diameter and resistance 
of the actuator which will affect the input voltage to the actuator. It is essential to investigate 
the effect of these changes to the response of the controller. The SMA actuator was required to 
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track a unit step input and a sine wave function with a frequency of 1 rad/s for 10 s. The initial 
set of gain was chosen as Kp = 100 and Ki = 0.01. The responses of the controller are presented 
in Figure 4-11 and Figure 4-13 where the red line represents the reference input and the yellow 
line represents the controller’s response. The error of the controller’s response to a unit step 
input is shown in Figure 4-12 and the error of the controller’s response to a sine input is 
shown in Figure 4-14. The results were similar with the simulation with one wire. The 
response of the PI controller to the unit step input was less than 40% of the target’s amplitude. 
The controller’s response to the sine input was in phase with the target, but it was also unable 
to reach the target amplitude, with error up to 67%.  
 
Figure 4-11 PID controller response for the wire bundle actuator with Kp = 100 and Ki = 0.01 to 
a unit step input 
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Figure 4-12 PID controller error for the wire bundle actuator with Kp = 100 and Ki = 0.01 to a 
unit step input 
 
Figure 4-13 PID controller response for the wire bundle actuator with Kp = 100 and Ki = 0.01 to a 
sine input 
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Figure 4-14 PID controller error for the wire bundle actuator with Kp = 100 and Ki = 0.01 to a 
sine input 
Another simulation was carried out for another set of gain with Kp = 1000 and Ki = 0.01.  The 
responses of the controller are presented in Figure 4-15 and Figure 4-19 where the red line 
represents the reference input and the yellow line represents the controller’s response. The 
error of the controller’s response to a unit step input is shown in Figure 4-16 and the error of 
the controller’s response to a sine input is shown in Figure 4-18. The response using the PI 
controller improved significantly with better response reaching more than 80% of the target’s 
amplitude with a steady state error of 17%. 
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Figure 4-15 PID controller response for the wire bundle actuator with Kp = 1000 and Ki = 0.01 to 
a unit step input 
 
Figure 4-16 PID controller error for the wire bundle actuator with Kp = 1000 and Ki = 0.01 to a 
unit step input 
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Figure 4-17 PID controller response for the wire bundle actuator with Kp = 1000 and Ki = 0.01 to 
a sine input 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-18 PID controller error for the wire bundle actuator with Kp = 1000 and Ki = 0.01 to a 
sine input 
Comparing the controller’s response for a single wire to the controller’s response for the wire 
bundle actuator, it was found that the steady state error was reduced by 10%  when the gains 
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were set at Kp = 100 and Ki = 0.01, and by 8% when the gains were set at Kp = 1000 and Ki = 
0.01. This shows that by using the wire bundle actuator, the accuracy of the controller’s 
response could be improved because it is dependent on the input voltage of the actuator that 
has been modified. 
4.4 Experimental Results 
The PID controller was implemented in LABVIEW to evaluate its performance for the 
morphing UAV wing. In the first experiment, it was required to track a positive step input, 
which corresponded to an increase of the wing’s trailing edge deflection. The responses to the 
step input for experiments conducted at 20°C and -13°C are shown in Figure 4-19, where the 
red line is the desired response and the white line is the measured response. The speed of 
response was 28s for the experiment at 20°C and 34s for the experiment at -13°C. The low 
temperature slowed the heating process by more than 20%, which shows that the rate of 
heating of the SMA actuator is dependent on the ambient temperature.  However the overshoot 
was reduced by 50% at low temperature.  
Another set of experiments was conducted where the controller was required to track a 
negative step input, which corresponded to a reduction of the wing’s trailing edge deflection. 
The responses of the controllers are shown in Figure 4-20. The rate of cooling of the SMA 
actuator was very slow when the ambient temperature was 20°C, but it took only 12s to reach 
the target setpoint when the ambient temperature was -13°C. This shows that the low 
temperature helped to reduce the rate of cooling of the SMA actuator. The steady state 
responses of the controllers at 20°C and -13°C are shown in Figure 4-21. The steady state 
error of the controller at -13°C is almost 30% more than the steady state error of the controller 
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at 20°C.  This shows that the low ambient temperature increases the steady state error of the 
controller.  
               
(a)                                                                            (b) 
Figure 4-19 PID controller response to a positive step input at (a) 20°C and (b) -13°C  
 
               
           (a)                                                                         (b) 
Figure 4-20 PID controller response to a negative step input at (a) 20°C and (b) -13°C 
 
                   
            (a)                                                                           (b) 
Figure 4-21 PID controller steady state response at (a) 20°C and (b) -13°C 
Another control experiment was carried out where the control system for the morphing UAV 
wing was required to track a positive step input of 40 mV. Initial value was 1260 mV which 
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corresponded to a strain value of 400 μS on the upper wing and the new value was 1300 mV 
which corresponded to a strain value of 1400 μS.  The time histories of the critical parameters 
are shown in Figure 4-22 and Figure 4-23. Figure 4-22 displays the desired setpoint 
represented by the dashed line and the realized setpoint represented by the solid line which 
corresponds to actual strain measurements on the upper surface of the wing.  It shows that the 
rise time is 140s and the settling time is 230s.  However, no overshoot is present and the 
steady state error is less than 15%. Figure 4-23 shows the control current intensity of the SMA 
actuator. From both figures, it can be seen that the controller reduces the current supplied to 
the SMA actuator when it reaches 87.5% of the target value, which caused the steady state 
error to remain at 12.5% of the target value. 
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Figure 4-22 PID controller step response of the control system for the morphing UAV wing  
 91 
0
0.5
1
1.5
2
2.5
0 50 100 150 200 250
time (s)
Current (A)
 
Figure 4-23 Control current intensity of the control system for the morphing UAV wing using 
PID controller 
In general the PID controller was able to track the target but the response time was too long 
and the steady state error was more than 10% of the reference input. A controller which is able 
to respond faster and reduce the steady state error further is needed in order to develop an 
efficient control system for the morphing UAV wing. 
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Chapter 5: Control System for a Morphing UAV Wing using PID 
Controller with Robust Compensator 
5.1 Robust Compensator 
As can be seen from the previous chapter, PID is unable to perform efficiently even with 
extensive tuning. In order to improve the SMA actuator performance, another controller which 
combines the PID with a robust compensator is used based on the controller proposed by Song 
et. al in their composite beam with embedded SMA actuators [93]. However, the controller 
was used for position control of a beam tip, so modifications were made in order to implement 
it on the morphing UAV wing for shape control of the wing’s camber.   
The auxiliary control variables r  and r& are defined as 
eereer &&&& λλ −=+=  (32) 
where λ is a positive constant. The controller is proposed as 
)tanh(arrKII GainDSMASMA f ρ−−=
 (33) 
where KD and a are positive constant.  The ρGain which is the robust gaining [94], is an 
assumed upper limit on the nonlinearities related with the SMA actuator for the morphing 
UAV wing.   
The rK D  is a linear feedback torque which functions as a Proportional plus Derivative control 
[98]. The proportional control is used to reduce steady state error and increase the 
responsiveness of the actuator. The derivative control is used to increase damping and to 
stabilize the actuator. The
fSMA
I is a feedforward action. This control action allows for suitable 
amount of current to pre-heat the SMA actuators and compensate for environmental losses 
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[98]. The term arGain tanhρ is a robust compensator which compensates the hysteresis of the 
actuator and increases the control accuracy and stability. 
In this method, 0=r  functions as the sliding surface, on which the system is asymptotically 
stable, i.e. the control error is zero [95]. The smooth robust controller is used to force the 
system onto the sliding surface. The robust compensator is continuously differentiable with 
respect to the control variable r  to generate a smooth action. It is better at obtaining both a 
smooth control input and asymptotic stability of the closed loop system, compared with the 
widely used bang-bang or saturation robust controllers [99-101]. The schematic diagram of the 
robust controller applied to the morphing UAV wing is shown in Figure 5-1. 
 
Figure 5-1 Block diagram of the PID controller with robust compensator  
5.2 Simulation Results 
The SMA actuator was required to track a unit step input and a sine wave function with the 
frequency of 1 rad/s for 10 s. After gain tuning the values chosen for the PID controller are Kp 
= 100 and Ki = 0.01. The responses of the controller are presented in Figure 5-2 and Figure 5-4 
where the red line represents the reference input and the yellow line represents the controller’s 
response. The error of the controller’s response to a unit step input is shown in Figure 5-3 and 
 94 
the error of the controller’s response to a sine input is shown in Figure 5-5. The results clearly 
showed that the performance of the controller was better at tracking the target compared to the 
PID controller, although the response time is much slower. The robust compensator was able 
to reach 90% of the target’s amplitude and the steady state error was approximately 6.5%. The 
response to the sine input was out of phase with the target due to the slow speed of response.  
The error of the response was high and reached almost 60%. 
 
Figure 5-2 PID controller with robust compensator response to a step input 
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Figure 5-3 PID controller with robust compensator error to a step input 
 
Figure 5-4 PID controller with robust compensator response to a sine input 
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Figure 5-5 PID controller with robust compensator error to a sine input 
Another simulation was carried out on a modified SMA actuator model for the application of 
wire bundle actuator. The SMA actuator was required to track a unit step input and a sine 
wave function with frequency of 1 rad/s for 10 s. The initial set of gain was chosen as Kp = 
100 and Ki = 0.01. The responses of the controller are presented in Figure 5-6 and Figure 5-8 
where the red line represents the reference input and the yellow line represents the controller’s 
response. The error of the controller’s response to a unit step input is shown in Figure 5-7 and 
the error of the controller’s response to a sine input is shown in Figure 5-9. The results were 
similar with the simulation with a single wire actuator. However, there was a significant 
difference in the response to the sine input. The speed of response was faster and the accuracy 
of the controller was much better. The response was able to follow the target and reduced the 
error of the response to 20%.   
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Figure 5-6 PID controller with robust compensator response for the wire bundle actuator to a step 
input 
                   
Figure 5-7 PID controller with robust compensator error for the wire bundle actuator to a step 
input 
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Figure 5-8 PID controller with robust compensator response for the wire bundle actuator to a sine 
input 
 
 
Figure 5-9 PID controller with robust compensator error for the wire bundle actuator to a sine 
input 
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Comparing the controller’s response for a single wire to the controller’s response for the wire 
bundle actuator, it was found that the steady state error for sine input was reduced by 67%.  
Similar to the results for the PID controller, it was found that by using the wire bundle 
actuator, the accuracy of the controller’s response was improved.  
5.3 Experimental Results 
In the first experiment, the PID controller with robust compensator was required to track a 
positive step input, corresponding to an increase of the wing’s trailing edge deflection. The 
experiments were conducted at temperature of 20°C and -13°C. Figure 5-10 shows the 
responses to the step input for these experiments where the red line is the desired response and 
the white line is the measured response. The speed of response was 24s for the experiment at 
20°C and 29s for the experiment at -13°C. At low temperature the heating process was slowed 
down by more than 11%. However, the overshoot was reduced by more than 30% at low 
temperature.  
In the next set of experiments, the PID controller with robust compensator was required to 
track a negative step input, corresponding to a decrease in the wing’s trailing edge deflection. 
The experiments were also conducted at temperature of 20°C and -13°C. Figure 5-11 shows 
the responses of the controller. The speed of response at 20°C was more than 30s, but it took 
only 13s to reach the target setpoint when the ambient temperature was -13°C.  
The steady state responses of the controllers at 20°C and -13°C are shown in Figure 5-12. The 
steady state error of the controller at -13°C was 20% more than the steady state error of the 
controller at 20°C. This shows that the low ambient temperature increases the steady state 
error of the controller. 
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                                         (a)                                                                         (b) 
Figure 5-10 PID controller response to a positive step input at (a) 20°C and (b) -13°C  
 
                
      (a)                                                                          (b) 
Figure 5-11 PID controller response to a negative step input at (a) 20°C and (b) -13°C     
        
           
                                        (a)                                                                           (b) 
 
Figure 5-12 PID controller steady state response at (a) 20°C and (b) -13°C 
Another control experiment was carried out where the control system for the morphing UAV 
wing was required to track a positive step input of 40 mV. Initial value was 1260 mV which 
corresponded to a strain value of 400 μS on the upper wing and the new value was 1300 mV 
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which corresponded to a strain value of 1400 μS.  The time histories of the critical parameters 
are shown in Figure 5-13 and Figure 5-14. Figure 5-13 displays the desired setpoint 
represented by a dashed line and the realized setpoint represented by the solid line which 
corresponds to actual strain measurements on the upper surface of the wing.  It shows that the 
rise time is 160s and the settling time is 240s.  However, there is no overshoot and the steady 
state error is within 5.5% of the reference input. Figure 5-14 shows the control current 
intensity of the SMA actuator.  
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Figure 5-13 PID controller with compensator step response of the control system for a morphing 
UAV wing  
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Figure 5-14 Control current intensity of the control system for a morphing UAV wing using PID 
controller with compensator 
The accuracy of the controller was improved by adding a compensator to the PID controller. It 
was able to track the target better and reduced the steady state error by more than half 
compared to using the PID controller without compensator. However, the downside of using 
the compensator was that the response time was slightly slower compared to the response time 
of the PID controller without the compensator. The results obtained agreed well with the 
simulation results.   
The compensator improved the PID controller’s performance but the response time was 
deemed too long and the steady state error was more than 5% of the reference input.  A 
controller which is able to improve the response time and further reduce the steady state error 
within 5% of the reference input is needed, before the performance of the control system for 
the morphing UAV wing can be considered satisfactory. 
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In this application, problem of synthesizing nonlinear output feedback compensator for system 
with saturating actuators has to be considered. The actuator saturation is the main obstacle to 
achieving significant closed-loop performance and its effect often contribute to a greater 
source of performance limitation compared to modeling uncertainty. Here, the use of 
compensator in the control system which addresses this problem is essential. A strategy which 
consists of two-step design method which first designs a linear controller for the unsaturated 
system and then accounts for the saturation through suitable controller modification. 
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Chapter 6: Control System for a Morphing UAV Wing using PID 
Controller with Anti-Windup Compensator (AWC) 
6.1 Anti-Windup Compensator (AWC) 
There are some significant nonlinear effects that regularly occur even in simple loops with 
PID control. Integral windup can transpire in loops where the process has saturations and the 
controller has integral action [90]. The feedback loop is broken when the process saturates. If 
there is an error, the integral may reach large values and the control signal may be saturated 
for a long time, resulting in large overshoots and undesirable transients. In order to address 
this problem, another controller is designed which combines the PID with an anti-windup 
compensator in order to evaluate whether it could provide significant improvements to the 
performance of the controller.   
There are several ways to protect against windup. One method is tracking and it has been used 
in the smart composites which utilized embedded SMA actuators [75]. Earlier, AWC PI has 
been implemented efficiently in the position control algorithm for an SMA actuator [75]. For 
the morphing UAV wing developed here, the heating power has to be limited due to the heat 
endurance of the ABS structure. The strict power limitation acts as a controller limitation 
which exposes the system to windup phenomenon.  
AWC of the PI controller for the morphing UAV wing was implemented using an incremental 
algorithm [69,96,97]. The discrete time implementation in the control system for a morphing 
UAV wing is shown in Figure 6-1. A register and an addition element make up the integrator. 
The register holds and sends one step time-delayed integrator output ui(k-1) to the adder. The 
saturation block holds the integrator output ui(k) between values Umin and Umax. Voltage Umin 
corresponds to the heating power of 0 W and voltage Umax allows for maximum power to the 
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SMA actuators.  In order to keep it consistent with the real inputs of the system, uk was also 
limited between the values Umin and Umax.  
Electric current ISMA heats up the actuators and actuation forces deform the airfoil.  The 
measured strain of the upper surface S is used in the feedback loop. The increment of the 
integral part was defined as 
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in which Kp is gain, Ts is sample time, Ti is integration time and e is control error. 
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The controller output was calculated 
)()( kueKku iP +=
 (36) 
 
Figure 6-1 PID Controller with AWC schematic diagram 
6.2 Simulation Results 
 106 
For the simulation, the SMA actuator model that has been derived earlier was used.  The SMA 
actuator was required to track a unit step input and a sine wave function with frequency of 1 
rad/s for 10 s. The initial set of gain was chosen as Kp = 100 and Ki = 0.01. The responses of 
the controller are presented in Figure 6-2 and Figure 6-4 where the red line represents the 
reference input and the yellow line represents the controller’s response. The error of the 
controller’s response to a unit step input is shown in Figure 6-3 and the error of the 
controller’s response to a sine input is shown in Figure 6-5. For the response to the unit step 
input, the result clearly shows that the controller was able to follow the target accurately with 
an error of less than 1%.  However, there was an overshoot of 30% in the response. For the 
response to the sine input, the controller response was out of phase with the target causing the 
error to be very large, up to 35%.  
 
Figure 6-2 PID controller with AWC response to a unit step input, with Kp = 100 and Ki = 0.01  
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Figure 6-3 PID controller with AWC error for the response to a unit step input, with Kp = 100 and 
Ki = 0.01  
 
 
Figure 6-4 PID controller with AWC response to a sine input, with Kp = 100 and Ki = 0.01   
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Figure 6-5 PID controller with AWC error for the response to a sine input, with Kp = 100 and Ki 
= 0.01   
From the results above, it is clear that anti-windup compensated PID controller could be use in 
the control of SMA actuator in the control systems for the morphing UAV wing. Further 
tuning was required in order to improve the tracking performance. The proportional gain was 
increased to 1000 to increase the speed of response. The responses of the controller are 
presented in Figure 6-6 and Figure 6-8 which showed an improvement to the performance of 
the controller. The error of the controller’s response to a unit step input is shown in Figure 6-7 
and the error of the controller’s response to a sine input is shown in Figure 6-9. For the 
response to the unit step input, the maximum overshoot is reduced to only 10%, however the 
time taken to reach steady state error was increased. For the response to the sine input, the 
controller was in phase with the target, reducing the error to less than 0.5%.   
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Figure 6-6 PID controller with AWC response to a unit step input, with Kp = 1000 and Ki = 0.01    
 
 
 
Figure 6-7 PID controller with AWC error for the response to a unit step input, with Kp = 1000 
and Ki = 0.01    
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Figure 6-8 PID controller with AWC response to a sine input, with Kp = 1000 and Ki = 0.01  
 
Figure 6-9 PID controller with AWC error for the response to a sine input , with Kp = 1000 and Ki 
= 0.01  
Another set of gains was applied to the PID controller with AWC.  A derivative gain was 
introduced to smooth out the damping and reduce the steady state error. The gains were set at 
Kp = 100, Ki = 0.01 and Kd = 100. Figure 6-10 and Figure 6-12 show the responses of the PID 
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controller to a step input and sine input. The error of the controller’s response to a unit step 
input is shown in Figure 6-7 and the error of the controller’s response to a sine input is shown 
in Figure 6-9.  Figure 6-10 shows that there is no overshoot in the response and steady state 
error is further reduced.  However, the downside of using this set of gain was that the speed of 
response was slower with a settling time of approximately 7 seconds. For the response to the 
sine input, the error of the response was higher at almost 1%. 
 
Figure 6-10 PID controller with AWC response to a unit step input, with Kp = 100, Ki = 0.01 and 
Kd = 100  
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Figure 6-11 PID controller with AWC error for the response to a unit step input, with Kp = 100, 
Ki = 0.01 and Kd = 100  
 
 
Figure 6-12 PID controller with AWC response to a sine input, with Kp = 100, Ki = 0.01 and Kd = 
100    
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Figure 6-13 PID controller with AWC error for the response to a sine input, with Kp = 100, Ki = 
0.01 and Kd = 100    
The simulation results show that the PID controller with the anti-windup compensator has 
excellent control performance and can be used in the control system for a morphing UAV 
wing. Selecting the PID gains was critical in order to achieve the desired response. The 
overshoot of the response and steady state error can be reduced, but it affected the speed of 
response which will significantly increase the settling time. Vice versa, a fast response can be 
achieved but it caused the controller response to have an overshoot and a larger steady state 
error. 
Another simulation was carried out on a modified SMA actuator model for the application of 
wire bundle actuator. The parameters involved were the diameter and resistance of the actuator 
which affected the input voltage to the actuator. It was essential to investigate the effect of 
these changes to the response of the controller. The SMA actuator was required to track a unit 
step input and a sine wave function with a frequency of 1 rad/s for 10 s. The initial set of gains 
was chosen as Kp = 100 and Ki = 0.01. The responses of the controller are presented in Figure 
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6-14 and Figure 6-16. The error of the controller’s response to a unit step input is shown in 
Figure 6-15 and the error of the controller’s response to a sine input is shown in Figure 6-17.  
 
Figure 6-14 PID controller with AWC for the wire bundle actuator response to a step input, with 
Kp = 100 and Ki = 0.01  
 
 
Figure 6-15 PID controller with AWC for the wire bundle actuator error for the response to a step 
input, with Kp = 100 and Ki = 0.01 to a step input 
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Figure 6-16 PID controller with AWC for the wire bundle actuator response to a sine input, with 
Kp = 100 and Ki = 0.01 
 
 
Figure 6-17 PID controller with AWC for the wire bundle actuator error for the response to a sine 
input, with Kp = 100 and Ki = 0.01  
In order to improve tracking performance, further tuning was required. The proportional gain 
was increased to 1000 to increase the speed of response. The responses of the controller are 
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presented in Figure 6-18 and Figure 6-20, where the red line represents the reference input and 
the yellow line represents the controller’s response. The error of the controller’s response to a 
unit step input is shown in Figure 6-19 and the error of the controller’s response to a sine input 
is shown in Figure 6-21.  
 
Figure 6-18 PID controller with AWC for the wire bundle actuator response to a step input, with 
Kp = 1000 and Ki = 0.01  
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Figure 6-19 PID controller with AWC for the wire bundle actuator error for the response to a step 
input, with Kp = 1000 and Ki = 0.01  
 
Figure 6-20 PID controller with AWC for the wire bundle actuator response to a sine input, with 
Kp = 1000 and Ki = 0.01   
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Figure 6-21 PID controller with AWC for the wire bundle actuator error for the response to a sine 
input, with Kp = 1000 and Ki = 0.01   
Another set of gains was applied to the PID controller with AWC. A derivative gain was 
introduced to smooth out the damping and reduce the steady state error. The gains were set at 
Kp = 100, Ki = 0.01 and Kd = 10. Figure 6-22 and Figure 6-24 show the responses of the PID 
controller to a step input and sine input. The error of the controller’s response to a unit step 
input is shown in Figure 6-23 and the error of the controller’s response to a sine input is 
shown in Figure 6-25. 
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Figure 6-22 PID controller with AWC for the wire bundle actuator response to a sine input, with 
Kp = 1000, Ki = 0.01 and  Kd = 10  
 
 
Figure 6-23 PID controller with AWC for the wire bundle actuator error for the response to a step 
input, with Kp = 1000, Ki = 0.01 and  Kd = 10  
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Figure 6-24 PID controller with AWC for the wire bundle actuator error for the response to a sine 
input, with Kp = 1000, Ki = 0.01 and  Kd = 10  
 
Figure 6-25 PID controller with AWC for the wire bundle actuator error for the response to a sine 
input, with Kp = 1000, Ki = 0.01 and  Kd = 10  
For the response to a unit step input, the results for the wire bundle actuator were similar with 
the simulation with one wire.  However, there was a significant difference in the response to 
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the sine input. The speed of response was faster and the accuracy of the controller was much 
better.  The response was able to follow the target and reduce the error of the response to less 
than 1%.   
 
6.3 Experimental Results 
In the first experiment, the PID controller with anti-windup was required to track a positive 
step input. The responses to the step input for experiments conducted at 20°C and -13°C are 
shown in Figure 6-26 where the red line is the desired response and the white line is the 
measured response. The speed of response was 16s for the experiment at 20°C and 19s for the 
experiment at -13°C.  
Next, the PID controller with anti-windup was required to track a negative step input and the 
responses of the controllers are shown in Figure 6-27. The rate of cooling of the SMA actuator 
was very slow when the ambient temperature was 20°C, but it took only 11s to reach the target 
setpoint when the ambient temperature was -13°C. The steady state responses of the 
controllers at 20°C and -13°C are shown in Figure 6-28. The steady state error of the 
controller at -13°C was 30% more than the steady state error of the controller at 20°C.   
         
                                        (a)                                                                         (b) 
Figure 6-26 PID with AWC response to a positive step input at (a) 20°C and (b) -13°C 
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      (a)                                                                        (b) 
 
Figure 6-27 PID with AWC response to a negative step input at (a) 20°C and (b) -13°C 
 
             
                                         (a)                                                                       (b) 
 
Figure 6-28 PID with AWC steady state response at (a) 20°C and (b) -13°C 
Another control experiment was carried out where the controller was required to track a 
positive step input of 40 mV. Initial value was 1260 mV which corresponded to a strain value 
of 400 μS on the upper wing and the new value was 1300 mV which corresponded to a strain 
value of 1400 μS. The time histories of the critical parameters are shown in Figure 6-29 and 
Figure 6-30.  Figure 6-29 displays the desired setpoint represented by the dashed line and the 
realized setpoint represented by the solid line, which corresponds to actual strain 
measurements on the upper surface of the wing.  It shows that the rise time is 160s and the 
settling time is 180s.  However there is no overshoot and the steady state error is within 1% of 
the reference input. Figure 6-30 shows the control current intensity of the SMA actuator.   
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Figure 6-29 Step response for the control system for a morphing UAV wing using PID controller 
with anti-windup compensator 
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Figure 6-30 Control current intensity of the step response for the control system for a morphing 
UAV wing using PID controller with anti-windup compensator  
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The accuracy of the controller was improved by adding an anti-windup compensator to the 
PID controller. It was able to track the target better and reduced the steady state error which 
stayed within 5% of the reference input.  Comparing the results of the step response for the 
PID controller with anti-windup compensator with the results from chapter 4 and 5, it clearly 
showed that the power limitation is the most critical parameter compared to other 
nonlinearities. The compensator was able to control the system successfully as long as the 
controller output was consistent with the real system input. 
This controller was used for the experiments conducted in the wind tunnel. Due to the 
presence of aerodynamic loads in the wind tunnel experiment, the control system for the 
morphing UAV wing was unable to deflect the trailing edge as much as in the experiments 
conducted at room temperature. The power supplied to the actuator had to be increased in 
order to achieve significant change in the camber. The power supplied to the SMA actuator at 
room temperature was 14W.  It was increased to 38W and 54W for the experiments conducted 
in the wind tunnel.     
The control experiments in the wind tunnel were conducted in 4 different conditions. The 
conditions were: 
Reynolds number 1.0 x 105 at 0° angle of attack 
Reynolds number 2.0 x 105 at 0° angle of attack 
Reynolds number 1.0 x 105 at 2.5° angle of attack 
Reynolds number 2.0 x 105 at 2.5° angle of attack 
The control system for the morphing UAV wing was required to track a positive step input 
from its initial value of 1252 mV, which corresponded to a strain value of 200 μS on the upper 
wing, to 1280 mV which corresponded to a strain value of 900 μS.   
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The time histories of the critical parameters for the experiments are shown in Figure 6-31 -
Figure 6-38. Figure 6-31, Figure 6-33, Figure 6-35 and Figure 6-37 display the desired 
setpoint represented by the dashed line and the realized setpoint represented by the solid line 
which correspond to actual strain measurements on the upper surface of the wing. For all 
conditions, the response of the controller varied significantly with different power supply. 
With power supply of 38 W, the response was slower, the steady state error was bigger, but 
the settling time was faster and there was no overshoot present. With power supply of 54 W, 
the response was faster, the steady state error was smaller, but it had a long settling time and 
there was overshoot in the response. The control current intensity of the SMA actuator as 
shown in Figure 6-32, Figure 6-34, Figure 6-36 and Figure 6-38 explain the different response 
of the controller with a different power supply. The results show that the power supplied also 
affected the performance of the controller. 
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Figure 6-31 Response to a step input for Re 1.0 x 105 at 0° angle of attack   
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Figure 6-32 Control current intensity for the response to a step input for Re 1.0 x 105 at 0° angle 
of attack   
 
Figure 6-33 Response to a step input for Re 2.0 x 105 at 0° angle of attack   
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Figure 6-34 Control current intensity for the response to a step input for Re 2.0 x 105 at 0° angle 
of attack   
 
Figure 6-35 Response to a step input for Re 1.0 x 105 at 2.5° angle of attack   
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Figure 6-36 Control current intensity for the response to a step input for Re 1.0 x 105 at 2.5° 
angle of attack   
 
Figure 6-37 Response to a step input for Re 2.0 x 105 at 2.5° angle of attack   
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Figure 6-38 Control current intensity for the response to a step input for Re 2.0 x 105 at 2.5° 
angle of attack 
The accuracy of the control system for the morphing UAV wing was improved significantly 
by adding anti-windup compensator to the PID controller. The results from the wind tunnel 
showed that it was able to track the target and reduce the steady state error by less than 5% of 
the reference input. Furthermore, the response time was much faster compared to the PID with 
robust compensator. This controller would be the most suitable choice for the control system 
for a morphing UAV wing developed here. 
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Chapter 7: Experimental Results and Discussion 
7.1  Control Experiments 
Three types of controllers that have been designed were tested to determine the effectiveness 
of each controller in different conditions.  The results of the experiment for each controller 
have been discussed separately in the previous chapters. Here the performance of all 
controllers will be compared to illustrate the improvements in the performance of the control 
system for the morphing UAV wing, by modifying the PID controller.   
The performance of each controller used differed slightly, although all three controllers were 
able to follow the target fairly well. The PID controller was able to track the target but the 
response time was too long and the steady state error was more than 10% of the reference 
input. The accuracy of the controller was improved by adding a compensator to the PID 
controller. It was able to track the target better and reduced the steady state error by more than 
half compared to using the PID controller without compensator. However, the downside of 
using the compensator was that the response time was slightly slower compared to the 
response time of the PID controller without the compensator and the steady state error was 
more than 5% of the reference input. 
The accuracy of the controller was improved by adding an anti-windup compensator to the 
PID controller. It was able to track the target better and reduced the steady state error which 
stayed within 5% of the reference input.  Comparing the results of the step response for the 
PID controller with anti-windup compensator with the other controllers, it clearly showed that 
the power limitation is the most critical parameter compared to other nonlinearities. The 
compensator was able to control the system successfully as long as the controller output was 
consistent with the real system input. 
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 Figure 7-1 shows the response of all controllers to a step input for a control experiment 
conducted for Re 2.0 x 105 at 0° angle of attack. By looking at the speed of response and 
steady state error, it was clear that the PID with the anti-windup compensator gave the best 
result. Due to its superior performance, the PID with anti-windup compensator was used in the 
control system for morphing UAV wing. 
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Figure 7-1 Response to a step input for Re 2.0 x 105 at 0° angle of attack for all controllers 
7.1.1 Experiments at Different Temperatures 
Two sets of control experiments were conducted at different temperatures to investigate the 
effect of temperature on the controller’s performance. This is important because the 
temperature in the wind tunnel and during flight is much lower than the room temperature.  
Firstly, the control experiments were conducted at room temperature. The temperature was set 
to 20ºC. Then, the control experiments were repeated in a low temperature environment by 
placing the wing model in a refrigerator. The temperature was set to -13ºC. In both 
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experiments, the control system for the morphing UAV wing was required to track a positive 
step input.   
The performance of each controller differed slightly, although all three controllers were able to 
follow the target fairly well. In general, the speed of response was slower for the experiments 
conducted at -13ºC. Figure 7-2 compares the speed of response of the three controllers at 
different temperatures. By looking at the speed of response, it was obvious that the PID 
controller worked better with the robust compensator. However, the best performance was 
obtained when the PID controller was combined with the anti-windup compensator.   
For the experiments conducted at 20ºC, the PID controller’s performance was the slowest.  Its 
speed of response was 28s but it reduced to 24s when a robust compensator was used. The 
PID controller with anti-windup has the best speed of response at 16s. The PID controller with 
anti-windup also had the smallest maximum percent overshoot which was 10% compared to 
20% for the PID controller with a robust compensator. For the experiments conducted at -
13ºC, the PID controller’s speed of response was the slowest at 34s, but it reduced to 29s 
when robust compensator was used. The PID controller with anti-windup had the best speed of 
response at 19s. 
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Figure 7-2 Speed of response to a positive step input  
The previous experiments were repeated for a negative step input. The performance of each 
controller used differed slightly, although all three controllers were able to follow the target. 
Figure 7-3 compares the speed of response of all controllers at different temperatures. In 
general, the speed of response was better for the experiments conducted at -13ºC.  And at both 
temperatures, the speed of response for all controllers was almost the same. This was expected 
for a negative step input which corresponded to the cooling of the SMA actuator. The 
controller doesn’t have any effect on the response as cooling occurs through natural 
convection. For the experiments conducted at 20ºC, the controller’s average speed of response 
was 27 s but it reduced to 12 s at -13ºC. 
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Figure 7-3 Speed of response to a negative step input 
The results showed that the controllers performed better when they were required to track a 
positive step input compared to a negative step input for the experiments conducted at room 
temperature. The actuators took less time to heat up and more time was needed in the cooling 
process. This means that it was easier to increase the wing’s deflection compared to reducing 
it.  
As revealed in the above discussion, there is a significant difference in the performance of the 
controller at different temperatures. Contrary to the experiments conducted in room 
temperature, the controllers performed better when they were required to track a negative step 
input compared to a positive step input. Less time was required in the cooling of the SMA 
actuators compared to heating them. This means that it was easier to reduce the wing’s 
deflection compared to increasing it. 
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For a positive step input, the speed of response was better at room temperature. This shows 
that it was more difficult to increase the wing’s deflection in low temperature environments 
and resulted in higher energy consumption. However, the reverse was true for a negative step 
input where the speed of response was better at a low temperature. This means that it was 
easier to reduce the wing’s deflection which resulted in lower energy consumption.  
The accuracy of each controller was also affected by temperature.  The steady state errors for 
the controllers in different temperature are compared in Table 7-1. The performance of each 
controller was better in room temperature compared to low temperature. The PID controller 
with anti windup was significantly more accurate in tracking the setpoint as it had the smallest 
steady state error. 
Table 7-1 Average control errors in steady state 
Controller PID PID with Robust 
Compensator 
PID with Anti-windup 
Temperature 20 ° C  -13 ° C 20 ° C -13 ° C  20 ° C  -13 ° C 
Error (mV) 4.8 6.2 4.6 5.6 4.0 5.2 
The effect of low temperature on the controller was quite significant.  It slowed the speed of 
response when the actuators were turned on, as it went through the heating process. However 
the speed of response was improved when the actuators were in the cooling phase to reduce 
the camber change. This provided an advantage as the cooling time was typically much higher 
than the time it took to heat up the actuators. The time saved in the cooling process was 
significant enough to allow a slight increase in the heating time. 
7.1.2 Real Time Control in the Wind Tunnel 
In order to ensure that the control system for a morphing UAV wing that has been developed 
here is able to change the airfoil shape and maintain the desired shape during flight, an 
experiment was carried out in the wind tunnel. This experiment was conducted at Re 2.0 x 105 
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at angle of attack 2.5º. Firstly, the control system was required to track an input of a gradual 
increase in strain from 0 μS to 500 μS.  This represented an increase in trailing edge deflection 
which involved the heating of the SMA actuator.  Then it was required to maintain this strain 
measurement of 500 μS for 200 s. Finally, the controller was required to gradually decrease 
the strain measurement from 500 μS to 0 μS. This corresponded to a reduction in trailing edge 
deflection which involved the cooling of the SMA actuator. Figure 7-4 displays the desired 
setpoint represented by the light blue line and the realized setpoint represented by the dark 
blue line, which corresponds to actual strain measurements on the upper surface of the wing.  
 
Figure 7-4 Response to a gradual change of airfoil shape 
The result shows that the control system of the morphing UAV wing was able to gradually 
change the airfoil shape and maintain the shape during flight.  Although the response time was 
slow, it was adequate for this application as it does not require a fast response. A typical cruise 
mission takes 48 hours, so the control system for the morphing UAV wing will be required to 
alter the shape of the airfoil in very small increments over that period of time. The system that 
has been developed here is capable of providing that type of response. 
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7.2 Wind Tunnel Experiments 
The lift coefficient of the original wing was first compared to the 2-dimensional result 
obtained from XFOIL which is a reproduction of the lift-curve slope of the ClarkY airfoil for 
Re 2.0 x 105.  The lift-curve was expected to be lower due to the 3-dimensional test setup and 
this is further reduced due to the low aspect ratio of the wing model.  Figure 7-5 shows the 
plot of the lift coefficient against angle of attack for both the 2-dimensional wing and the 
experimental results. The lift curve slope of the wing obtained from the experiment was 0.04 
/deg which compared well to the approximated lift curve slope which was 0.03 /deg. 
 
Figure 7-5 Lift coefficient vs. angle of attack from XFOIL and experiment 
Firstly, the repeatability of the wind tunnel was analyzed to ensure the validity of the results.  
From the control experiments in the wind tunnel it was seen that the error at lower strain 
measurement were slightly higher which might have affected the accuracy of lift coefficients 
measured at those points. The results from the wind tunnel tests for Re 2.0 x 105 for angle of 
attack 0º and 2.5º, proved that this was true as shown in Figure 7-6 and Figure 7-7. The 
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repeatability of the lift coefficient improved when the setpoint was higher.  This was true even 
when the angle of attack was varied, however the accuracy at the lower setpoint improved as 
the angle of attack was increased.  
For lift coefficient measurement at 0º angle of attack, the biggest standard deviation occurred 
when the strain measurement was 100 μS where the mean was 0.162 with standard deviation 
of 0.006. The smallest standard deviation occurred when the strain measurement was 500 μS 
where the mean was 0.176 with standard deviation of 0.003. For lift coefficient measurement 
at 2.5º angle of attack, the biggest standard deviation occurred when the strain measurement 
was 100 μS where the mean was 0.319 with standard deviation of 0.007. The smallest standard 
deviation occurred when the strain measurement was 500 μS where the mean was 0.331 with 
standard deviation of 0.0006. 
 
Figure 7-6 Repeatability of control experiments at 0° angle of attack 
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Figure 7-7 Repeatability of control experiments 2.5° angle of attack 
Further analysis was carried out to establish the relationship between the changes in strain and 
lift coefficient. Figure 7-8 - Figure 7-13 show the change in the lift coefficient as the strain on 
the upper surface of the wing was increased. Figure 3-13 can be used to determine the 
corresponding setpoint of the control system for the morphing UAV wing.  For all angle of 
attack, the increase of the lift coefficient was almost linear, however the gradient differed. 
 
 140 
 
Figure 7-8 CL vs strain at 0° angle of attack 
 
Figure 7-9 CL vs strain at 2.5° angle of attack 
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Figure 7-10 CL vs strain at 5° angle of attack 
 
Figure 7-11 CL vs strain at 7.5° angle of attack 
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Figure 7-12 CL vs strain at 10° angle of attack 
 
Figure 7-13 CL vs strain at 15° angle of attack 
The normal force and axial force of the original wing and the morphed wing configuration 
were measured to analyze the contribution of the control system for the morphing UAV wing 
on the lift coefficient, drag coefficient and lift-to-drag ratio for Reynolds numbers 2.0 x 105. In 
the following results, the morphed configuration represents the wing configuration when the 
upper surface of the wing recorded maximum strain value of 600 μS.  
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The change in lift coefficient for the original and the morphed configuration was calculated 
and the results are shown in Table 7-2. The biggest increase in lift coefficient was 0.033 at 
2.5° angle of attack and the smallest increase in lift coefficient was 0.007 at 5° angle of attack. 
The increase in lift coefficients were comparable to those obtained by other researchers 
[47,103]. For example, Strelec et al observed the greatest improvement in lift coefficient at 0° 
angle of attack, with an increase of about 0.062, with an SMA-actuated leading edge and 
trailing edge airfoil deflection [47].   
Table 7-2 Maximum change in lift coefficient due to SMA actuation measured at different angle 
of attack 
Angle of Attack (˚) ΔCL 
0 0.022 
2.5 0.033 
5 0.007 
However, an increase in lift coefficient does not necessarily translate into improved 
performance. It was also necessary to consider the drag coefficient. When it comes to 
designing a wing, the greatest performance indicator is typically the lift-to-drag ratio. So it 
was essential to analyze the lift-to-drag ratio to determine the contribution of the control 
system for the morphing UAV wing developed here.   
The change in lift-to-drag ratio with angle of attack at Reynolds numbers 2.0 x 105 for the 
original and the morphed wing is shown in Figure 7-14. The lift-to-drag ratio for the morphed 
configuration was significantly higher compared to the original configuration at a low angle of 
attack. The biggest increase of L/D was at 0° angle of attack. This showed that the control 
system for a morphing UAV wing will perform well at cruise condition. At high angle of 
attack the morphed wing didn’t provide any significant increase in the lift-to-drag ratio.  
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Figure 7-14 L/D vs angle of attack  
Table 7-3 shows the increase of L/D for angle of attack 0°, 2.5° and 5°. The control system for 
the morphing UAV wing was able to improve the L/D by almost 20% at 0° angle of attack and 
more than 10% at 2.5° angle of attack.  At angle of attack higher than 5°, the control system 
for the morphing UAV wing was only able to increase the L/D by less than 3%.   
Table 7-3 Maximum increase in L/D due to SMA actuation measured at different angle of attack 
Angle of Attack Increase of L/D (%) 
0 19.38 
2.5 12.82 
5 2.44 
The change in L/D with lift coefficient is shown in Figure 7-15. It was apparent that the 
L/Dmax for the morphed configuration was higher compared to the original wing. Also, as the 
lift coefficient decreased, the control system for the morphing UAV wing was able to maintain 
the same L/Dmax of the original wing. The L/Dmax of the original wing was 3.35 at 0.42 lift 
coefficient.  The same L/D can be maintained even when the lift coefficient was reduced to 
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0.25 by using the control system for the morphing UAV wing.  Without the control system for 
the morphing UAV wing, L/D decreased to 3.1 for the same lift coefficient. 
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Figure 7-15 L/D vs CL  
The change in both lift coefficient and L/D were combined to further illustrate the advantage 
of using the control system for the morphing UAV wing. A contour plot of both the 
parameters with change in strain of the upper wing and angle of attack is shown in Figure 
7-16. For a constant lift coefficient, the lift-to-drag ratio can be changed by changing the strain 
of the upper wing and the angle of attack. It showed that the optimum L/D can be achieved by 
changing the angle of attack to 2.5° and maintaining the strain at 600 μS.  
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Figure 7-16 Contour plot of CL and L/D 
The information from the previous contour plot can be integrated into an autopilot system or 
an adaptive airfoil control system to control the shape of the airfoil in order to obtain the 
desired lift coefficient and lift-to-drag ratio. The range of CL for a typical UAV flight may 
vary from 0.3 to more than 1.2 [104]. Since the weight of the UAV decreases with time as fuel 
is consumed, the lift coefficient also decreases. Thus the UAV will not be able to maintain the 
same L/Dmax throughout cruise condition. However with the implementation of the control 
system for the morphing UAV wing that has been developed here, the UAV has more 
flexibility and will be able to maintain a high L/Dmax as the lift coefficient decreases. Figure 
7-17 shows an example of how the morphing UAV wing can be used.  It can be switched on at 
the beginning of cruise when the lift coefficient is high and maintain the same shape in order 
to fly at a high L/D for most of the cruise time. The shape of the airfoil can be gradually 
changed so that it will return to its original shape at the end of the cruise segment.  The red 
dashed line represents the change in strain and angle of attack during the cruise segment. 
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Figure 7-17 Example of a morphing UAV wing application during cruise segment 
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Chapter 8: Flight Performance of a Morphing UAV 
8.1 Problem Definition  
For a UAV, the design mission typically includes a long loiter segment, during which it 
experiences a significant weight reduction as it consumes most of its fuel. If it is intended to 
loiter at a constant altitude and constant airspeed, a fixed-geometry wing would not be 
operating at its most efficient conditions throughout this segment of the mission. However, if 
the aircraft used a wing with morphing airfoil sections, it would be possible to change the 
airfoil shape throughout the loiter segment to improve the aircraft’s endurance. 
The lift coefficient is proportional to the weight in order to satisfy the constant airspeed and 
constant altitude constraint. Near the start of the loiter segment, the UAV’s weight is high, and 
the required design lift coefficient is also high. Similarly, near the end of the loiter segment, 
the UAV’s weight is lower, and the lift coefficient is lower. Normally the angle of attack must 
decrease as the flight continues, however by using a morphing wing, the shape of the wing can 
be changed in order to reduce the lift coefficient.   
The effects of using a morphing wing on the flight performance of UAV will differ form one 
UAV to another depending on the size and specifications of the UAV. In order to evaluate the 
savings that can be gained or improvement in flight performance that can be achieved, the 
loiter time for the UAV with and without a morphing wing were calculated, given that both 
has the same take-off weight. The fuel available for loiter in the morphing UAV was reduced 
in order to accommodate the weight of the morphing mechanism, while maintaining the same 
take-off weight. The saving in fuel was compared to the change in loiter time to determine if 
there was a net saving when a morphing mechanism was applied to the UAVs considered 
here. These are only random examples and do not reflect a best case or worst case scenario.   
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The results of the wind tunnel experiments presented in the previous chapter were used to 
determine the lift coefficient and drag coefficient for original wing and morphing wing 
configuration. Four UAVs with different geometrical and performance specifications were 
used. The details are presented in Table 8-1. 
Table 8-1 Selected geometrical, mass and performance parameters [104-106] 
Specifications Raven Aerosonde AAI Shadow Global Hawk 
Take-off mass (kg) 1.9 13.1 170 11622 
Fuel mass (kg) 0.1261 4.9 33 6583 
Fuel burn rate (kg/hr) 0.1262 0.15 6 172.8 
Wing span (m) 1.3 2.9 4 35.4 
Endurance (hr) 1 26.75 6 40 
Operational range (km) 10 3000 125 17000 
 
8.2 Airframe Subsystem – The Aerodynamic Model 
The empty UAV, which includes the wings, fuselage, tail, etc, is known as the airframe 
subsystem. It does not include cargo weights such as fuel, equipment or the payload, which 
are all accounted for separately. This subsystem has two crucial characteristics which are its 
shape/geometry and its resulting weight. The airframe subsystem must be shaped in such a 
way that the lift it generates counter-balances the weight of the aircraft and must furthermore 
be coupled to the propulsion subsystem in such a way that the aerodynamic drag of the 
airframe contributes to the performance requirements or constraints of the propulsion 
subsystem. 
The force balance can be performed on the UAV, to better understand the aerodynamic of the 
vehicle [5]. It consists of four body forces during flight which include lift, weight, drag and 
thrust as shown in Figure 8-1.  
                                                 
1 Battery weight 
2 Battery weight per hour of endurance 
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Figure 8-1 Aircraft force balance diagram [107] 
For a steady, level flight, the condition for in-flight equilibrium is given by :  
0=++ WRFT
vv  (37) 
 
where R is the aerodynamic forces which comprise of lift, L and drag, D, FT is the thrust and 
W is the weight.   
Equation can be represented as the energy rate balance  
)
2
()(
2
g
Vh
dt
dWVDF altT +=−
 (38) 
 
where halt is the altitude and g is the acceleration due to gravity. This equation illustrates that 
the thrust required to fly the aircraft must equal the drag forces experienced by the aircraft plus 
the rate of change of potential and kinetic energies. Note that the aerodynamic drag, D, 
represents both the induced drag due to aircraft lift and the parasitic drag due to skin friction 
and other residual effects. Since the weight of the aircraft is subject to change during flight 
due to fuel burned and payload deployed, it is redefined as W = βWTO, where WTO is the gross 
take-off weight of the aircraft and β is the weight fraction of the aircraft with respect to the 
gross take-off weight. 
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The impact of utilizing a morphing wing system on the performance of UAV can be evaluated 
by analyzing the change in the thrust required for loiter and the change in loiter time.  
Equation (37) is normally split into its 2 component forms in the stability axis system: 
0sincos =−− γα WDFT
 (39) 
0cossin =−+ γα WLFT  (40) 
 
where α is the angle of attack and γ is the flight path angle. 
Assuming γ = 0 for loiter segment,  
DFT =αcos
 (41) 
WLFT =+αsin  (42) 
 
From equation (39) the thrust required is given by: 
αcos
DF requiredT =
 (43) 
 
Drag can be defined as,  
iLDD DDqSCCqSCD +=+== 0
2 )(
0
 (44) 
 
where D0 and Di represent the zero-lift drag and the induced drag respectively. 
The angle of attack follows from the lift coefficient and the lift-curve, CL vs α. If the latter is 
linear it can be expressed as, 
α
αLLL
CCC +=
0
 (45) 
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where 
0L
C is the lift coefficient for zero angle of attack and 
αL
C is the airplane lift-curve slope. 
Combining equations (44) and (45) yields the following solution for α 
αα
α
L
L
L
LL
C
C
qs
W
C
CC 0
0
−
=
−
=  
(46) 
 
 
8.3 Morphing Wing Consideration 
The overall goal of the morphing-wing aircraft is to allow for its wings to change shape during 
flight to enhance performance for specific mission segments. However, the biggest question 
that needs to be answered is whether the added complexity and weight required for morphing 
is worth it. To answer this, the description of aerodynamic changes due to a morphing wing 
and the added power associated with it needs to be determined.  
In most research work involving optimization of a morphing wing, to correctly model the 
wing-morphing characteristics, geometric wing variables were chosen to best describe the 
change of the aerodynamic characteristics of the wing. These geometric parameters become 
the synthesis/design and operational design variables of the airframe system for the 
synthesis/design problem.  
Thus far no reliable data is currently available for the weight and energy consumption of the 
actuators and other mechanical devices required to perform in-flight wing morphing, with the 
use of smart materials and adaptive structures. To overcome this problem, most researchers 
resort to using penalty factors to account for the additional weight and energy required for 
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morphing. These fuel and weight penalties are then varied to explore the sensitivities to the 
synthesis/design which the parasitic effects involved with wing morphing have.  
However, the analysis of a morphing wing can be executed more precisely with the valuable 
information obtained through wind tunnel experiments on the proposed control system for the 
morphing UAV wing developed here. The lift-to-drag ratio of the original and the morphing 
wing and the corresponding lift coefficients and angle of attacks were found from the 
experiments. These parameters describe the change of the aerodynamic characteristics of the 
morphing UAV wing accurately. Other than that, the power needed for the actuators to morph 
the wing was also obtained and can be scaled according to the wing size of each UAV being 
considered here. This data can be used to analyze the overall power consumption needed by 
each UAV if it was equipped with morphing wing capability. It will allow for more precise 
approximation of the fuel weight and loiter time, compared to using penalty factors for weight 
and energy used. As a result, a more realistic conclusion can be made about the benefits of 
morphing wing implementation. 
The SMA actuators reliability depends on its global lifetime performance. The repeated use of 
SMA actuators results in the accumulation of plastic strain in the actuators which can diminish 
their actuation stroke. If the cycling is continued to hundreds or thousands of cycles, the cold 
shape starts to decline which causes the two way memory strain to decrease [108]. Therefore, 
in addition to the above, the maintenance cost of using SMA actuators also might need to be 
considered. The cost of replacement of the SMA wires in the actuation system can be added to 
the cost of the control system of the morphing UAV wing.  
8.4 Mission Analysis – Weight Fractions and Sizing Considerations  
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UAVs using two different types of propulsion system were used in this analysis, turbojet and 
turboprop engine. For UAVs with turbojet engine, the thrust output is roughly constant with 
speed. The rate of fuel consumption is determined from the required thrust, FT, and the thrust 
specific fuel consumption, TSFC, of the engine. The TSFC depends on the engine settings, the 
flight conditions, and the performance demands. 
Calculating the fuel consumption rate of the aircraft is done using the differential equation 
T
FUEL FgTSFC
dt
dW
dt
dW
×−=−= .  
(47) 
This equation can be rewritten as 
V
ds
W
FgTSFCdt
W
FTSFC
W
dW TT .−=−=  
(48) 
The thrust work produced by the engine (i.e. the product of the thrust and the vehicle speed, V) 
is consumed by the change in the mechanical energy of the aircraft (increasing or decreasing 
kinetic or potential energy) or is dissipated to the environment by losses due to aerodynamic 
drag. The differential weight equation can now be integrated to obtain the weight fractions 
(Wf/Wi) for each of the mission segments.  
For only loiter segment, the proper integration of the equation requires knowledge of the 
TSFC and the thrust loading given by 
TO
TT
W
F
W
F )1( β=  
(49) 
as a function of time along the flight path.  
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The integration can be carried out depending on the weight specific excess power, PS. 
Generally for constant speed cruise and loiter mission segments, PS = 0, which involves 
constant speed and altitude flight segments and information regarding total distance or time 
elapsed is required. In these cases, all of the engine thrust work is consumed by dissipation to 
the atmosphere through aircraft drag phenomena. The PS = 0 cases are generally constant-
speed cruise and loiter mission segments. 
Thus, the integration produces the following weight fraction expressions 
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(50) 
where Δs is the total distance traveled for the mission segment, and Δt is the total mission 
segment flight time. 
The weight fractions for each of the different mission segments, use the following notation  
∏≤=
fii
f
W
W
_
1 
(51) 
  
Thus, the fuel consumed to generate thrust can be written as 






−= ∏
=
n
i
TOFUEL WW
1
1  
(52) 
where n is the total number of mission segments. The weight fractions depend on the 
propulsion subsystem and airframe subsystem, the required thrust, ambient conditions, the 
aerodynamics, and additional factors, such as payload, fuel weight, etc. 
The endurance for a UAV powered by turbojet engine can be approximated using  
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(53) 
For UAVs with turboprop engine, the power output is roughly constant with speed. The rate of 
fuel consumption is determined from the required power, Preq, and the specific fuel 
consumption, SFC, of the engine. The fuel consumption rate can be written as 
req
FUEL PgSFC
dt
dW
dt
dW
×−=−= .  
(54) 
The power delivered by the propeller is given by  
DVP =η  (55) 
where η is the propeller efficiency. 
Thus Equation (54) can be rewritten as  
dt
W
P
gSFC
W
dW req.−=  
(56) 
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(57) 
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The endurance can be obtained by rearranging and integrating the previous equation.  
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(59) 
The subsequent discussion will describe the calculation of the weight fractions needed for 
each of the mission segments. To simplify the analysis, the mission only includes take-off, 
loiter and landing. The fuel consumption analysis is based on calculations that require 
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relatively little information. It also points to the best way of flying certain mission segments 
for minimum fuel usage. The fuel expended in each segment is expressed as a ratio of the 
weight at the beginning of each segment. 
Typically in aircraft design, once the take-off thrust loading (FT/WTO) and the take-off wing 
loading (WTO/S) have been established, the next step is to determine the scale of the aircraft by 
computing the gross take-off weight, WTO. This is done by flying the aircraft through the flight 
mission. The gross take-off weight is the sum of the weight of the empty aircraft (WE), the 
payload weight (WP), and the fuel weight (WFUEL) given by 
FUELPETO WWWW ++=  (60) 
The weight of the empty aircraft consists of the airframe and the permanent equipment (i.e. 
engines, avionics, etc.) and can be expressed as 
OtherPROPAE WWWW ++=  (61) 
 
where WA is the weight of the airframe subsystem (wing, fuselage, etc.), WP is the weight of 
the propulsion subsystem, and WOther is the remaining weight of all the other miscellaneous 
equipment.  
For a morphing wing aircraft, there will be added weight due to the actuation mechanism, 
WMORPH. Thus, the take-off weight for a morphing aircraft becomes 
MORPHFUELPOtherPROPATO WWWWWWW +++++=  (62) 
The weight required for morphing includes actuators, a control board, a power conditioning 
unit and a battery or power generator, depending on the type of UAV.  
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Initially, an estimate of the empty aircraft weight is used to fly the mission, i.e. 
13.034.2 −= TO
TO
E W
W
W  
(63) 
The fuel weight, WFUEL, onboard the aircraft gradually decreases during the mission since it is 
being consumed in the propulsion subsystem. Assuming that the UAVs being considered here 
do not have expendable payload delivery, the decrease in the weight of the aircraft occurs at 
the exact rate of the decrease in the weight of the fuel. 
For the analysis carried out here, the take-off weight and fuel weight for each UAV are 
known.  
GFUELLANDINFUELLOITERFFUELTAKEOFFUEL WWWW ++=  (64) 
Three missions were analyzed where each has the same initial and final weight but differed in 
the duration of the cruise segment. The duration of the cruise segment was varied between 
85% and 95% of the total mission. The weight at initial loiter was approximated by  
FUELTOLOITER WWW ς−=  (65) 
where 075.0025.0 ≤≤ ς . 
The landing weight, which was also the weight at the end of loiter was approximated by 
FUELTOLAND WWW ν−=  (66) 
where 95.085.0 ≤≤ν . 
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It was assumed that the ratio of fuel required for take-off and landing over the empty weight 
for the original and the morphing UAV is the same. Once the fuel required for take-off and 
landing are known, then the fuel available for loiter can be determined, where 
GFUELLANDINFFUELTAKEOFFUELFUELLOITER WWWW −−=  (67) 
A simple method of analyzing the aircraft cruise performance, during level flight, is to look at 
the balance of energy being created by the combustion of fuel, which depends on the energy 
required to overcome the resistance to motion through the air. For a morphing UAV, the total 
energy required becomes 
actuationmorphingtodueEnergy
motionaircrafttodueEnergyrequiredenergyTotal
+
=
 
(68) 
 
8.5 Analysis 
In this section, the results of the computation for loiter time and fuel weight for both the 
original and the morphing UAV will be presented. The calculation for each UAV being 
considered here will be shown separately.   
8.5.1 Raven 
The Raven as shown in Figure 8-2 is a lightweight system designed and manufactured by 
AeroVironment for fast deployment and high mobility suitable for both military and 
commercial applications [109]. It can provide aerial observation, day or night, at line-of-sight 
ranges of 10km or more and is normally flown at an altitude of 152 m. It is launched in just 
minutes, by hand, into the air like a model airplane such as shown in Figure 8-3. The Raven 
lands itself by auto-piloting to a near hover, requiring no carefully prepared landing strips. It 
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does not require elaborate support facilities, thus ideally suits forward-deployed units. As of 
October 2008, there were almost 5000 Ravens fielded, and another 5000 to be deployed, 
which makes it the most widely used UAV in history [110]. 
 
Figure 8-2 Raven UAV [109] 
 
Figure 8-3 Soldier hand-launch RQ-11 Raven [111] 
For Raven, the analysis had to be carried out differently from the other UAVs because its 
power source is battery instead of fuel. The average specific energy for lithium polymer 
batteries is 140 Wh/kg and 505 kJ/kg. For Raven, the battery weight is 1.3 N which gives 1 
hour of endurance. It was assumed that the battery weight is the same for a UAV with and 
without a morphing wing, thus the total energy available were the same for both cases. 
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However, the energy available to produce thrust will be reduced for the UAV with a morphing 
wing because some will be used for morphing actuation.  
The power required for Raven with and without morphing was calculated and compared. 
Three cases were analyzed where the duration of the cruise segment ranged from 85%, 90% 
and 95% of the total mission segment. For the other UAVs that were used in this study, it was 
assumed that the take-off weight was the same for both the original and the morphing UAV. 
However, due to Raven’s weight, it was impossible to accommodate the extra weight due to 
the morphing mechanism by reducing the battery weight. Thus it was assumed that the take-
off weight for the morphing UAV was higher, which included the weight due to the morphing 
mechanism. It was found that the morphing UAV had better aerodynamic performance 
because the power required was slightly lower by 1.5% compared to the original UAV as 
shown in Table 8-2. 
Table 8-2 Specifications of the original and the morphing Raven with the same battery weight 
Duration of cruise 
segment  
85% of total mission 90% of total mission 95% of total mission 
 Original Morphing Original Morphing Original Morphing 
WTO (N) 18.64 48.72 18.64 48.72 18.64 48.72 
WMORPH (N) 0.00 30.08 0.00 30.08 0.00 30.08 
CD0 0.016 0.016 0.016 0.016 0.016 0.016 
L/D 10.3 10.4 10.3 10.4 10.3 10.4 
Velocity (m/s) 9.782 9.782 9.782 9.782 9.782 9.782 
Fuel consumption 
(kg/s) 3.5 x10-5 3.5 x10-5 3.5 x10-5 3.5 x10-5 3.5 x10-5 3.5 x10-5 
Power required (W) 19.52 19.23 19.52 19.23 19.52 19.23 
Since the power available from the battery was reduced, the loiter time was also shorter as 
shown in Figure 8-4. The loiter time for the morphing UAV was 60% less than the original 
UAV for 85% cruise mission due to less fuel available. Figure 8-5 shows the energy produced 
by the morphing UAV was higher compared to the original UAV, because the power required 
was higher. The results showed that UAVs of a similar class to Raven might not benefit from 
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using the morphing wing system developed here. Since the original weight of Raven was quite 
low, the added weight due to the morphing mechanism increased the take-off weight. The 
energy required for morphing was considerably higher than the energy required for aircraft 
motion as shown in Figure 8-5, which caused the loiter time to reduce significantly. 
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Figure 8-4 Loiter time of both the original and the morphing Raven for different duration of 
cruise segment 
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Figure 8-5 Energy consumption of both the original and the morphing Raven for different 
duration of cruise segment 
In order to determine if it is at all possible to implement the morphing wing system, a 
breakeven point can be found by plotting the ratio of loiter time for the morphing UAV over 
the original UAV, against the mass fraction of the morphing mechanism over the original 
weight of the UAV as shown in Figure 8-6. When the loiter time for the morphing UAV is 
equal to the loiter time for the original UAV, there is no net benefit from using the morphing 
wing system. The area between the constant line where the ratio is equal to 1, and the curve 
which represents the ratio of the loiter time, is where there exists a benefit in using the 
morphing wing system.  
For Raven, the breakeven point was at mass fraction of approximately 0.0055, which 
corresponded to morphing mechanism weight of 0.11 N. If the morphing mechanism can be 
sized to be less than that value, it will result in an increase of loiter time. However, the weight 
of the morphing mechanism was much higher than that. It was 30 N which corresponded to a 
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mass fraction of 0.62, thus the morphing wing system resulted in a decrease of loiter time for 
Raven. 
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Figure 8-6 Breakeven point for Raven 
It still remains to be seen if there exists a morphing wing solution for a UAV such as Raven. If 
a morphing wing system could produce a better performance enhancement, that is higher L/D, 
it will give bigger allowance for the morphing mechanism weight as shown in Figure 8-7. For 
example, a morphing wing system which could deliver a 1% and 1.5% increase in L/D for 
Raven, will cause the breakeven point to be shifted to the right, at mass fraction of 
approximately 0.0105, which corresponds to a morphing mechanism weight of 0.19N and 
0.0155 which correspond to 0.23N respectively. If SMA actuators were used in the morphing 
wing system design, the morphing wing system needs to deliver more than 144% 
improvement in L/D in order to produce an increase in loiter time as shown in Figure 8-8. This 
is almost impossible to achieve, thus this morphing wing design is unsuitable for Raven. 
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Figure 8-7 Breakeven points for Raven with different performance enhancement 
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Figure 8-8 Morphing wing system for Raven to produce an increase in loiter time 
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8.5.2 Aerosonde 
The Aerosonde is a medium sized UAV as shown in the drawing in Figure 8-9. It has an 
impressive endurance, as well as the aircraft’s payload flexibility, modularity and 
affordability, which makes it an ideal choice for remote data collection and reconnaissance 
missions [112]. It can obtain more than 10 hours of endurance with a full electro-optic/infrared 
payload. The aircraft uses a catapult system to take-off from small, remote clearings and ships, 
and can also be launched from the roof of a fast-moving ground vehicle. It can land via belly 
or net capture using AAI’s proprietary launch and recovery trailer, or LRT, system with Soft 
Hands™ recovery technology. 
 
Figure 8-9 Design drawing of Aerosonde [113] 
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For the analysis, it was assumed that both the UAV with original and morphing configuration 
have the same take-off weight, thus the amount of fuel in the morphing UAV was reduced to 
accommodate the weight of the morphing mechanism. For Aerosonde, the weight of the 
morphing mechanism was approximated to be 34 N causing the amount of fuel to be reduced 
by 71%. Thus the fuel available for loiter will be less for the morphing UAV. The results of 
the analysis are shown in Table 8-3. Due to the improved aerodynamic performance, power 
required for the morphing Aerosonde were reduced by 8.7% for 85% cruise mission. 
Table 8-3 Specifications of the original and the morphing Aerosonde with the same take-off 
weight 
Duration of cruise 
segment  
85% of total mission 90% of total mission 95% of total mission 
 Original Morphing Original Morphing Original Morphing 
WTO (N) 128.5 128.5 128.5 128.5 128.5 128.5 
WFUEL (N) 48.1 14.1 48.1 14.1 48.1 14.1 
WFUELTAKEOFF (N) 3.6 3.6 2.4 2.4 1.2 1.2 
WFUELLOITER (N) 40.9 5.4 43.3 8.3 45.7 11.2 
WFUELLANDING (N) 3.6 5.1 2.4 3.4 1.2 1.7 
WMORPH (N) 0.0 34.0 0.0 34.0 0.0 34.0 
WE (N) 80.4 114.4 80.4 114.4 80.4 114.4 
WLOITER (N) 124.9 124.9 126.1 126.1 127.3 127.3 
WLANDING (N) 84.0 119.5 82.8 117.8 81.6 116.1 
CD0 0.018 0.018 0.018 0.018 0.018 0.018 
L/D 16.75 17.25 16.75 17.25 16.75 17.25 
Velocity (m/s) 18.964 18.964 19.055 19.055 19.171 19.171 
Fuel consumption 
(kg/s) 4.2 x 10-5 
4.2 x 10-5 4.2 x 10-5 4.2 x 10-5 4.2 x 10-5 4.2x 10-5 
Power required 
(W) 156.8 143.1 159.1 145.0 161.6 147.7 
 
Although the power required for the morphing UAV was much lower, it did not increase the 
loiter time as shown Figure 8-10. The loiter time for the morphing UAV was almost 87% less 
than the original UAV for 85% cruise mission due to less fuel available. Figure 8-11 shows 
the total energy produced by the morphing UAV was the same as the energy produced by the 
original UAV for 85% cruise mission. However, the energy produced increased significantly 
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as the cruise mission segment became longer. For 95% cruise mission, the morphing UAV 
produced 84% more energy than the original UAV, where most of the energy produced here 
was used for morphing actuation instead of for loiter. The results showed that UAVs of a 
similar class as Aerosonde may not benefit from using the morphing wing system developed 
here. Since the original weight of Aerosonde is quite low, the added weight due to the 
morphing mechanism reduced the amount of available fuel significantly, which caused the 
loiter time to be reduced even though the aerodynamic performance was improved resulting in 
lower power required. 
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Figure 8-10 Loiter time of both the original and the morphing Aerosonde for different duration of 
cruise segment 
 169 
0
5
10
15
20
25
30
35
40
45
Original Morphing Original Morphing Original Morphing
85% cruise 85% cruise 90% cruise 90% cruise 95% cruise 95% cruise
Mission
Energy (MJ) Energy due tomorphing actuation
Energy due to aircraft
motion
 
Figure 8-11 Energy consumption of both the original and the morphing Aerosonde for different 
duration of cruise segment 
In order to determine if it is at all possible to implement the morphing wing system, a 
breakeven point can be found by plotting the ratio of loiter time for the morphing UAV over 
the original UAV, against the mass fraction of the morphing mechanism over the original 
weight of the UAV. The breakeven point is the point at which the loiter time of the morphing 
UAV is equal to the loiter time of the original UAV. For Aerosonde, the breakeven point is at 
a mass fraction of approximately 0.008, which corresponds to the morphing mechanism 
weight of 1N as shown in Figure 8-12. If the morphing mechanism can be sized to be less than 
that value, it will result in an increase of loiter time. However, the mass fraction of the 
morphing mechanism itself was much higher than that which was 0.26. Thus there will be a 
decrease in loiter time if the morphing wing system developed here is used by Aerosonde.  
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Figure 8-12 Breakeven point for Aerosonde 
It is not yet conclusive if there exists a morphing wing solution for a UAV such as Aerosonde. 
If a morphing wing system could produce a better performance enhancement, that is higher 
L/D, it will give bigger allowance for the morphing mechanism weight as shown in Figure 
8-13. A morphing wing system which could deliver between a 5% and 7.5% increase in L/D 
for Aerosonde, will cause the breakeven points to shift to the right at mass fraction of 
approximately 0.013, which corresponds to the morphing mechanism weight of 1.7N and 
0.020 which corresponds to 2.5N respectively.  
If SMA actuators were used in the morphing wing system design for Aerosonde, the morphing 
wing system needs to deliver more than 440% improvement in L/D in order to produce an 
increase in loiter time as shown in Figure 8-14. This will be impossible to achieve, thus this 
morphing wing design will not be suitable for UAVs such as Aerosonde. 
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Figure 8-13 Breakeven points for Aerosonde with different performance enhancement 
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Figure 8-14 Morphing wing system for Aerosonde which produces an increase in loiter time 
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8.5.3 Shadow 
The Shadow is an unmanned aircraft systems developed by AAI Corporation. It is used to 
locate, recognize and identify targets up to 125km from a brigade tactical operations centre. 
The system recognizes tactical vehicles by day and night from an altitude of 8,000ft and at a 
slant range of 3.5km [114]. The Shadow is a small stealthy monoplane powered by a pusher 
engine with two tail booms and an inverted V tail as shown in Figure 8-15. It is composed of 
mainly graphite and Kevlar epoxy composites. The optional tricycle landing gear is 
detachable. The Shadow typically carries either a video camera, electro-optical camera, or an 
infra-red sensor. Hence, it is primarily used for surveillance and target acquisition.  
 
Figure 8-15 AAI Shadow in flight [114] 
Compared to the Aerosonde, this UAV has a much lower aspect ratio, but its take-off weight 
is much higher, more than 10 times of Aerosonde’s. This feature will make the Shadow a 
better candidate for a morphing UAV because the added weight and power due to morphing 
will be low, compared to its original weight and power required. 
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It was assumed that both UAV with original and morphing configuration had the same take-
off weight, thus the amount of fuel in the morphing UAV was reduced to accommodate the 
weight of the morphing mechanism. For Shadow, the weight of the morphing mechanism was 
approximated to be 21N, causing the amount of fuel to be reduced by 15.5%. Thus, the fuel 
available for loiter will be less for the morphing UAV. The results of the analysis are shown in 
Table 8-4. Due to the improved aerodynamic performance, the power required for the 
morphing Shadow was reduced by more than 12.8% for 85% cruise. 
Table 8-4 Specifications of the original and the morphing Shadow with the same take-off weight 
 
Duration of cruise 
segment  
85% of total mission 90% of total mission 95% of total mission 
 Original Morphing Original Morphing Original Morphing 
WTO (N) 1667.7 1667.7 1667.7 1667.7 1667.7 1667.7 
WFUEL (N) 323.7 273.5 323.7 273.5 323.7 273.5 
WFUELTAKEOFF (N) 24.3 24.3 16.2 16.2 8.1 8.1 
WFUELLOITER (N) 275.2 224.0 291.4 240.5 307.5 257.0 
WFUELLANDING (N) 24.3 25.2 16.2 16.8 8.1 8.4 
WMORPH (N) 0.0 20.7 0.0 20.7 0.0 20.7 
WE (N) 1344.0 1394.2 1344.0 1394.2 1344.0 1394.2 
WLOITER (N) 1643.4 1643.4 1651.5 1651.5 1659.6 1659.6 
WLANDING (N) 1368.2 1419.4 1360.2 1411.0 1352.1 1402.6 
CD0 0.019 0.019 0.019 0.019 0.019 0.019 
L/D 9.3 9.8 9.3 9.8 9.3 9.8 
Velocity (m/s) 31.74 31.74 31.82 31.82 31.9 31.9 
Fuel consumption (kg/s) 0.00167 0.00167 0.00167 0.00167 0.00167 0.00167 
Power required (W) 6186.9 5396.9 5609.4 4902.1 5650.7 4929.1 
 
Although the power required for the morphing UAV was much lower, it did not increase the 
loiter time as shown in Figure 8-16. The loiter time for the morphing UAV was 15.7% less 
than the original UAV for 85% cruise mission, due to less fuel available. However, at 90% 
and 95% cruise mission, the loiter time for the morphing UAV was 14.5% and 13.5% less than 
the original UAV respectively. Even though the loiter time was reduced for the morphing 
Shadow, the amount of fuel used was also lower. The results show that UAVs of a similar 
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class to Shadow may benefit from using a morphing wing. Figure 8-17 shows the energy 
produced by the morphing UAV was almost 42% more than the energy produced by the 
original UAV for 85% cruise mission.  
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
85% cruise 90% cruise 95% cruise
Mission
Loiter Time 
(hours) Original
Morphing
 
Figure 8-16 Loiter time of both the original and the morphing Shadow for different duration of 
cruise segment 
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Figure 8-17 Energy consumption of both the original and the morphing Shadow for different 
duration of cruise segment 
In order to make a better conclusion about the feasibility of implementing the morphing wing 
system, a breakeven point can be calculated by plotting the ratio of loiter time for the 
morphing UAV over the original UAV and against the mass fraction of the morphing 
mechanism over the original weight of the UAV. For Shadow, the breakeven point is at mass 
fraction of approximately 0.008, which corresponds to the morphing mechanism weight of 
14N as shown in Figure 8-18. If the morphing mechanism can be sized to be less than that 
value, it will result in an increase of loiter time. The mass fraction of the morphing mechanism 
is 0.03, which indicates that there will not be any increase in loiter time if the morphing wing 
system that has been developed here is used.  
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Figure 8-18 Breakeven point for Shadow 
If a morphing wing system could produce a better performance enhancement, that is higher 
L/D, it will give bigger allowance for the morphing mechanism weight as shown in Figure 
8-19. A morphing wing system which could deliver between a 10% and 15% increase in L/D 
for Shadow, will cause the breakeven points to shift to the right at mass fraction of 
approximately 0.013 which corresponds to the morphing mechanism weight of 24N and 0.020 
which corresponds to 34N respectively. If SMA actuators are used in the morphing wing 
system design for Shadow, the morphing wing system needs to deliver more than 23% 
improvement in L/D in order to produce an increase in loiter time as shown in Figure 8-20. 
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Figure 8-19 Breakeven points for Shadow with different performance enhancement 
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Figure 8-20 Morphing wing system for Shadow which produces an increase in loiter time 
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8.5.4 Global Hawk 
Global Hawk is a high altitude, long endurance, unmanned aerial reconnaissance system. It 
can perform reconnaissance missions in all types of operations. The 14,000nm range and 42-
hour endurance of the air vehicle, combined with satellite and line-of-sight communication 
links to ground forces, permits worldwide operation of the system [115]. The V-configuration 
of the tail as shown in Figure 8-21 provides a low radar and infrared signature. 
 
Figure 8-21 Global Hawk [115] 
One of the key features of Global Hawk which makes it different from the other UAVs that 
have been considered previously, is that it has a very high aspect ratio which is essential to 
reduce the induce drag, especially at the start of the mission when the lift coefficient is of the 
order of unity. 
It was assumed that both the UAV with the original and the morphing configuration have the 
same take-off weight, thus the amount of fuel in the morphing UAV was reduced to 
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accommodate the weight of the morphing mechanism. For Global Hawk, the weight of the 
morphing mechanism was 841 N causing the amount of fuel to be reduced by 1.3%. The 
results of the analysis are shown in Table 8-5. Due to the improved aerodynamic performance, 
the thrust required for the morphing Global Hawk was reduced by more than 10.4%. 
Table 8-5 Specifications of the original and the morphing Global Hawk with the same take-off 
weight 
Duration of cruise 
segment  
85% of total mission 90% of total mission 95% of total mission 
 Original Morphing Original Morphing Original Morphing 
WTO (N) 114012 114012 114012 114012 114012 114012 
WFUEL (N) 64579 63738 64579 63738 64579 63738 
WFUELTAKEOFF (N) 4843 4843 3229 3229 1614 1614 
WFUELLOITER (N) 54892 53969 58121 57225 61350 60482 
WFUELLANDING (N) 4843 4926 3229 3284 1614 1642 
WMORPH (N) 0 841 0 841 0 841 
WE (N) 49433 50274 49433 50274 49433 50274 
WLOITER (N) 109168 109168 110783 110783 112397 112397 
WLANDING (N) 54276 55200 52662 53558 51047 51916 
CD0 0.04976 0.04976 0.04976 0.04976 0.04976 0.04976 
L/D 29.1 29.8 29.1 29.8 29.1 29.8 
Velocity (m/s) 161.9 161.9 163.1 163.1 164.3 164.3 
Fuel consumption (kg/s) 0.048 0.048 0.048 0.048 0.048 0.048 
Thrust required (N) 3752 3363 3801 3432 3863 3463 
 
Since the thrust required for the morphing UAV was much lower and the amount of fuel 
available was almost the same as the original UAV, it produced an increase in loiter time as 
shown in Figure 8-22. The loiter time for the morphing UAV was 0.1% more than the original 
UAV for 85% cruise mission and increased to 0.4% for 95% cruise mission. Figure 8-23 
shows the energy produced by the morphing UAV was 21.8% more than the energy produced 
by the original UAV for 85% cruise mission due to the energy required for morphing 
actuation. However, the energy due to aircraft motion for the morphing UAV was 10% less 
than the original UAV. The results show that a UAV such as Global Hawk may benefit from 
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using the morphing wing due to the improvement of the aerodynamic performance. The 
reduction in fuel weight and increase in loiter time produced a net saving of almost 2%. 
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Figure 8-22 Loiter time of both the original and the morphing Global Hawk for different duration 
of cruise segment 
50000
70000
90000
110000
130000
150000
170000
Original Morphing Original Morphing Original Morphing
85%
cruise
85%
cruise
90%
cruise
90%
cruise
95%
cruise
95%
cruise
Mission
Energy (MJ) Energy due to
morphing actuation
Energy due to
aircraft motion
 
Figure 8-23 Energy consumption of both the original and the morphing Global Hawk for 
different duration of cruise segment 
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In order to make a better conclusion about the feasibility of implementing the morphing wing 
system, a breakeven point was calculated by plotting the ratio of loiter time for the morphing 
UAV over the original UAV against the mass fraction of the morphing mechanism over the 
original weight of the UAV. For Global Hawk, the breakeven point is at mass fraction of 
approximately 0.008, which corresponds to the morphing mechanism weight of 900N as 
shown in Figure 8-24. If the morphing mechanism can be sized to be less than that value, it 
will result in an increase of loiter time.  
Even though the weight of the morphing mechanism for Global Hawk was very high 
compared to the other UAVs, the mass fraction was low at approximately 0.007 and is less 
than the breakeven point. Thus by using the morphing wing system it will result in an increase 
in loiter time for Global Hawk and it will also reduce the fuel consumption. 
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Figure 8-24 Breakeven point for Global Hawk 
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If a morphing wing system could produce a better performance enhancement, that is higher 
L/D improvement, it will give bigger allowance for the morphing mechanism weight as shown 
in Figure 8-25. For example, a morphing wing system which could deliver between a 5% and 
7.5% increase in L/D for Global Hawk, will cause the breakeven points to shift to the right at 
mass fraction of approximately 0.016, which corresponds to the morphing mechanism weight 
of 1800N and 0.025 which corresponds to 2900N respectively.  
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Figure 8-25 Breakeven points for Global Hawk with different performance enhancement 
 
8.6 Conclusions 
The results of the analysis show that the effectiveness of the morphing wing system is 
dependent on the size of the UAV. For the same morphing wing system used in the analysis 
here, the increase or decrease in loiter time varied for different UAVs. For Raven, Aerosonde 
and Shadow, the addition of the morphing wing system resulted in a decrease of loiter time. 
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For Global Hawk, the addition of the morphing wing system resulted in an increase of loiter 
time.  However, there exists a similar breakeven point regardless of the size of the UAV, 
except for Raven. At the breakeven point, the loiter time for the morphing UAV wing is the 
same as the original UAV for a given mass fraction. Raven did not have the same breakeven 
point as the other UAVs because the analysis was carried out differently. 
Using the specifications of the UAVs, the breakeven point can be found by plotting a graph as 
shown in Figure 8-26. From the graph, it can be seen that different UAVs have different slope 
but the breakeven point is the same when the mass fraction is approximately 0.008. When the 
mass fraction is lower than 0.008, there will be an increase in the loiter time of the UAV if the 
morphing wing system developed here is implemented. The different slope illustrates that the 
rate of increase in the loiter time is dependent on the size of the UAV. Thus for mass fraction 
less than 0.008, different UAVs with the same mass fraction will result in different 
percentages of increase in loiter time. 
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Figure 8-26 Break even point for different UAVs 
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From the graph, it gives an indication that a UAV such as the Shadow actually has the 
potential to benefit from using the morphing wing system if the morphing mechanism can be 
sized accordingly. For the mass fraction of 0.005, Shadow may increase its loiter time by more 
than 2%, but for Global Hawk the increase in loiter time will be less than 1%. However, it is 
much easier for Global Hawk to achieve a low mass fraction compared to the Shadow, due to 
its high initial weight.  
Figure 8-26 can be used as a guide to size the morphing wing mechanism for different types of 
UAVs. The desired increase in loiter time can be achieved by adjusting the mass fraction 
accordingly. The curves in Figure 8-26 are valid for the morphing wing system developed 
here. For different morphing wing systems, the value of the mass fraction required to achieve 
the breakeven point will change. It will increase if the improvement of the L/D is much higher 
than what the morphing wing system developed here is capable of, and vice versa. 
In theory, morphing wing technology may provide improvements to the flight performance of 
a typical UAV. However the penalty associated with it may cause its implementation to be too 
costly and outweigh any potential savings. The analysis presented here proves that this is true. 
The results show that morphing wing technology may be beneficial to only certain types of 
UAVs.  
From the analysis, it shows that the morphing wing would not be beneficial for small UAVs 
such as Raven, because the power and weight due to actuation is too high compared to the 
original power required and weight of the original Raven. For Aerosonde and Shadow, the 
increase in weight due to actuation is quite high causing the fuel weight to reduce 
significantly, which subsequently caused a decrease in loiter time. However, for Shadow, the 
fuel saving may be higher than the decrease in loiter time, so it might still be feasible to 
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implement the morphing wing system. The morphing wing would be most advantageous for a 
UAV such as Global Hawk because it may produce an increase in loiter time.  
The morphing wing was designed in order to prove the feasibility of improving flight 
performance of a UAV during cruise using a system with low-weight penalty by utilizing 
shape memory alloy actuators. However, from the result of the analysis it was shown that 
using morphing wing does not necessarily translate into better performance. The most 
significant parameter is the ratio of energy required for actuation over the energy required for 
loiter of the UAV, and the ratio of the weight due to the actuation mechanism over the take-off 
weight of the UAV. Even if the power required for actuation and weight due to the actuation 
mechanism being very high, such as in the case for Global Hawk, the ratio remains low due to 
the size of the UAV. This will ensure there is a benefit in the implementation of the morphing 
wing UAV. 
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Chapter 9: Conclusions and Future Work 
 
This exploratory design, analysis and testing of a control system for a morphing UAV wing 
using SMA actuators have been conducted in order to prove that such system can efficiently 
improve the flight performance of a UAV during cruise. From the wind tunnel experiments, it 
was proven that the aerodynamic benefits expected from using a morphing wing could be 
achieved using this system with low-weight penalty. 
The design process began with an FE analysis which was used to determine the type of 
material, size of the spar, placement of the actuator and the actuator’s maximum force 
required. Placement of the actuator was critical in obtaining the desired change of the airfoil 
camber. A prototype was fabricated using ABS material for the skin and integrated with SMA 
actuators.  In order to increase the pull force of the SMA actuators while still preserving the 
contraction properties, they were constructed in a bundle. This method not only reduced the 
power required but also improved the efficiency of the SMA actuators, because the bandwidth 
of an SMA wire is mainly determined by heat transfer through the surface of the wire.   
The morphing of a variable cambered wing was controlled by means of resistive heating of the 
SMA actuator and cooling it in the surrounding air. The SMA actuators were fixed underneath 
the wing skin near the leading edge. The heating of the wires caused them to contract, creating 
a force and generating a moment which deflected the wing.  Static experiment was conducted 
and the results showed there is a trailing edge deflection of 6 mm which is comparable to that 
obtained through finite element analysis. 
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Due to the SMA actuator’s nonlinear behavior, a closed loop feedback system was needed to 
improve its control performance.  This controller was implemented in LABVIEW which was 
used as the interfacing program in the control system for the morphing UAV wing. The 
accuracy of the PID with robust compensator and anti-windup control algorithms in the 
control system for a morphing UAV wing were compared. Control experiments were 
conducted in different environments to ensure the robustness of the system. From the 
experiments, it was found that the PID with anti-windup compensator constantly outperformed 
the others and showed good tracking performance, with very small overshoot and the steady 
state error was within 5% of the reference input. 
The effect of low temperature on the controller was quite significant. It reduced the speed of 
response when the actuators were turned on as it went through the heating process. However 
the speed of response was increased when the actuators were in the cooling phase to reduce 
the camber change. This provided an advantage as the cooling time was typically much higher 
than the time it took to heat up the actuators.  The time saved in the cooling process was 
significant enough to allow a slight increase the heating time.  
For the control experiments conducted under wind tunnel conditions, the results show that the 
control system for the morphing UAV wing was able to gradually change the airfoil shape and 
maintain the shape during flight. Although the response time was slow, it was good enough for 
this application as it did not require a very fast response. A typical cruise mission takes 48 
hours, so it will be required to alter the shape of the airfoil in very small increments over that 
period of time. The system that has been developed here is capable of providing that type of 
response. 
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However, there were some issues with the controller in the experiments carried out in the wind 
tunnel. Due to the aerodynamic loading, the power requirement had to be increased 
significantly.  Under wind tunnel condition at Re 2.0 x 105, the power requirement increased 
from 42W at 0º angle of attack to 54W at 15º angle of attack.  Nevertheless, significant 
improvement in L/D was found only at low angle of attack between 0° to 5°, thus the control 
system for a morphing UAV wing can be used efficiently at these angle of attack which 
require less power between 42W to 48W. 
Wind tunnel tests were performed to obtain experimental lift force and drag force data over 
the original and the morphed wing shape. Increase in lift coefficient was observed when the 
wing was morphed which indicated the successful implementation of the SMA actuated wing 
model in the wind tunnel condition. The biggest increase of lift coefficient is 0.033 at 2.5 
degrees angle of attack. The increase in lift coefficients were comparable to those obtained by 
other researchers. The lift-to-drag ratio of the flexible wing was significantly higher when 
using the control system for the morphing UAV wing at a low angle of attack, which indicated 
that it will perform well at cruise condition. The biggest increase of L/D was at 0° angle of 
attack, and this decreased with angle of attack. The control system for the morphing UAV 
wing was able to improve the L/D by almost 20% at 0° angle of attack and more than 10% at 
2.5° angle of attack.  At angle of attack higher than 5°, it was only able to increase the L/D by 
less than 3%. 
The employment of SMA actuators in the control system for the morphing UAV wing, 
combined with the use of flexible skin can actually improve flight performance. It can be 
switched on during loiter to maintain the same lift-to-drag ratio of the original wing’s L/Dmax 
in order to increase the loiter time of the UAV. From the analysis that was carried on a few 
UAVs of different sizes, it was found that it was possible to reduce the power and thrust 
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required for UAVs in a similar class as Aerosonde, Shadow and Global Hawk, if a morphing 
wing was used. However, due to the added weight of the morphing mechanism, the fuel 
available for loiter was reduced, which caused the loiter time for Aerosonde and Shadow to 
decrease. Nonetheless, it still resulted in an increase of loiter time for Global Hawk even with 
the reduction of fuel. The most significant parameter is the ratio of energy required for 
actuation over the energy required for loiter of the UAV, and the ratio of the weight due to the 
actuation mechanism over the take-off weight of the UAV. Even if the energy required for 
actuation and weight due to the actuation mechanism being very high, such as in the case for 
Global Hawk, the ratio remains low due to the size of the UAV. This will ensure there is a 
benefit in the implementation of the morphing wing UAV. 
The control system for the morphing UAV wing that has been developed here can be used as a 
platform to further enhance the flight performance of the UAV during cruise.  It can be used to 
develop an adaptive airfoil control system by adding an algorithm which would be able to 
automatically morphed the wing by finding the optimized solution using the data that has been 
obtained from the wind tunnel experiment. The adaptive airfoil control system can be 
integrated with the UAV autopilot system. 
The use of smart material is necessary in a morphing wing design to ensure that the added 
weight and power due to the morphing mechanism remains low. However, the nonlinearity of 
the SMA actuators provided the biggest challenge in designing the control system, especially 
when it was subjected to aerodynamic loading. The results showed that there is room to 
improve the design of this system by using more advanced controllers and to use multiple 
feedback input in order to produce a more robust system. 
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Appendix A: Detailed Drawing of Wing Prototype 
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Appendix B: Flowchart of the Heating and Cooling of SMA  
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Appendix C: MATLAB M-File  
MATLAB M-File for Modelling Martensite Fraction for SMA  
% This is based on Liang's model taken from "One-Dimensional  
% Thermomechanical Constitutive Relations for Shape Memory Materials 
% C. Liang and C.A. Rogers, Journal of Intelligent Material Systems and  
% Structures 1990; 1; 207 
% state 1 = martensite to austenite 
% state 2 = heating 
% state 3 = austenite to martensite 
% state 4 = cooling 
  
%For martensite to austenite 
  
  
u         = 2; 
m         = 4.54*exp(-4); 
cp        = 320; 
R         = 13.0677; 
Da        = 75*exp(9); 
Dm        = 28*exp(9); 
theta_t   = -11*exp(-6); 
epsilon_i = 0.03090; 
h0        = 28.552; 
h2        = 4.060*exp(-6); 
d         = 304*exp(-6); 
l         = 0.24; 
Ta        = 20; 
Tfa       = 85; 
Tfm       = 42; 
sigma_a   = 6; 
sigma_m   = 4.5; 
zita_1    = 1; 
zita_2    = 0; 
As        = 18; 
Af        = 30; 
Ms        = 15; 
Mf        = 6; 
aA        = pi/(Af-As); 
aM        = pi/(Ms-Mf); 
  
temp = []; 
zita = []; 
  
for i=1:30 
  
if i <= 18  
    state = 1; 
elseif i >18 & i < 29 
        state = 2; 
else i >= 29 
    state = 3 
end 
  
if state == 1 
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    K = zita_1; 
elseif state == 2 
    zita_i = 0.5*(cos(aA*(i-As))+1); 
    K = zita_i; 
elseif state == 3 
    K = zita_2; 
else state == 4 
    zita_i = 0.5*(cos(aM*(i-Mf))+1); 
    K = zita_i; 
end 
  
temp(i) = i; 
zita(i) = K; 
end 
plot(temp,zita) 
  
  
hold on 
temp = []; 
zita = []; 
  
for j=1:29 
  
if j >= 15, 
    state = 3 
elseif j < 15 & j > 6 
    state = 4 
else j <= 6 
    state = 1 
end 
  
if state == 1 
    K = zita_1; 
elseif state == 2 
    zita_i = 0.5*(cos(aA*(j-As))+1); 
    K = zita_j; 
elseif state == 3 
    K = zita_2; 
else state == 4 
    zita_i = 0.5*(cos(aM*(j-Mf))+1); 
    K = zita_i; 
end 
  
temp(j) = j 
zita(j) = K 
  
end 
  
plot(temp,zita) 
  
hold off 
title('Hysterisis characteristics of SMA') 
xlabel ('Temperature') 
ylabel ('Martensite Fraction') 
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MATLAB M-File for Modelling the Heating Function for SMA 
function [sys,x0,str,ts] = Heating(t,x,u,flag) 
% S-function for defining the heating function for SMA wire 
%     
  
T = 1;                         % Start temperature 
  
% while T < 29 
if T < 18 
    state = 1; 
else T >= 18 
        state = 2; 
end 
  
v         = 2;                 % input voltage 
m         = 4.54*exp(-4);      % mass per unit length 
cp        = 320;               % specific heat capacity 
R         = 3.05;              % resistance per unit length  
Da        = 75*exp(9);         % Young's Modulus (Austenite) 
Dm        = 28*exp(9);         % Young's Modulus (Martensite) 
theta_t   = -11*exp(-6);       % Thermal expansion  
epsilon_i = 0.03090;           % SMA initial strain 
h0        = 28.552;            % Heat convection coefficient 
h2        = 4.060*exp(-6);     % Heat convection coefficient 
d         = 1220*exp(-6);      % Diameter of wire  
l         = 0.035;             % Length of wire 
Ta        = -13;               % Ambient temperature 
Tfa       = 70;                % Martensite to austenite transformation 
temperature 
Tfm       = 55;                % Austenite to martensite transformation 
temperature 
sigma_a   = 6;                 % Spread of temperature around martensite to 
austenite transformation temperature 
sigma_m   = 4.5;               % Spread of temperature around martensite to 
austenite transformation temperature  
zita_1    = 1;                  
zita_2    = 0; 
As        = 18; 
Af        = 30; 
Ms        = 15; 
Mf        = 6; 
aA        = pi/(Af-As); 
aM        = pi/(Ms-Mf); 
  
if state == 1; 
    D = Dm; 
    K = zita_1; 
    sigma_i = sigma_m; 
    Tf = Tfm; 
elseif state == 2; 
    zita_i = 0.5*(cos(aA*(T-As))+1); 
    sigma_i = sigma_m; 
    D = Dm; 
    K = zita_i; 
    Tf = Tfm; 
elseif state == 3; 
    D = Da; 
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    K = zita_2; 
    sigma_i = sigma_a; 
    Tf = Tfa; 
else state == 4; 
    zita_i = 0.5*(cos(aM*(T-Mf))+1); 
      sigma_i = sigma_a; 
    D = Da; 
    K = zita_i; 
    Tf = Tfa; 
end 
   
a = pi*d; 
h = h0+h2*T^2; 
Ohm = -D*epsilon_i; 
  
Hfunc = (-h*a-2*h2*a*T*(T-Ta))/(m*cp); 
Gfunc = (K*exp((Tf-T)/sigma_i))/(sigma_i*(1+exp((Tf-T)/sigma_i))^2); 
  
  
A = [ 0 1/D*Hfunc*(-theta_t-Ohm*Gfunc) 0 0 
      0            Hfunc               0 0 
      0         Hfunc*Gfunc            0 0 
      1              0                 0 0 ]; 
   
B = [ 2*v/(m*cp*R*D)*(-theta_t-Ohm*Gfunc) 
                2*v/(m*cp*R) 
              2*v/(m*cp)*Gfunc 
                      0                   ]; 
%T = T+1; 
C = [1 1 1 1 ]; 
  
D = [0]; 
  
[NUM,DEN]=SS2TF(A,B,C,D) 
SYS=TF(NUM,DEN) 
P = pole(SYS) 
Z = zero(SYS) 
SYS = ZPK(Z,P,K) 
  
%end  
% 
% Dispatch the flag. 
% 
switch flag, 
  
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes(A,B,C,D); % Initialization 
  
  case 1 
    sys = mdlDerivatives(t,x,u,A,B,C,D); % Calculate derivatives 
  
  case 3 
    sys = mdlOutputs(t,x,u,A,B,C,D); % Calculate outputs 
   
  case { 2, 4, 9 } % Unused flags 
    sys = []; 
  otherwise 
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    error(['Unhandled flag = ',num2str(flag)]); % Error handling 
end 
% End of csfunc. 
%============================================================== 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the  
% S-function. 
%============================================================== 
% 
function [sys,x0,str,ts] = mdlInitializeSizes(A,B,C,D) 
% 
% Call simsizes for a sizes structure, fill it in and convert it  
% to a sizes array. 
% 
sizes = simsizes; 
sizes.NumContStates  = 4; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 1; 
sizes.NumInputs      = 1; 
sizes.DirFeedthrough = 1;     % Matrix D is nonempty.  
sizes.NumSampleTimes = 1; 
sys = simsizes(sizes); 
% 
% Initialize the initial conditions. 
% 
x0 = zeros(); 
% 
% str is an empty matrix. 
% 
str = []; 
% 
% Initialize the array of sample times; in this example the sample  
% time is continuous, so set ts to 0 and its offset to 0. 
% 
ts = [0 0]; 
% End of mdlInitializeSizes. 
% 
%============================================================== 
% mdlDerivatives 
% Return the derivatives for the continuous states. 
%============================================================== 
function sys = mdlDerivatives(t,x,u,A,B,C,D) 
sys = A*x + B*u; 
% End of mdlDerivatives. 
% 
%============================================================== 
% mdlOutputs 
% Return the block outputs. 
%============================================================== 
% 
function sys = mdlOutputs(t,x,u,A,B,C,D) 
sys = C*x + D*u; 
% End of mdlOutputs. 
  
 
 
 
 
 213 
MATLAB M-File for Modelling the Cooling Function for SMA 
function [sys,x0,str,ts] = Cooling(t,x,u,flag) 
 
% S-function for defining the cooling function for SMA wire 
%     
  
  
  
T = 30;                        % Start temperature 
%while T > 1 
  
if T >= 15, 
    state = 3; 
elseif T < 15 && T > 6 
    state = 4; 
else  
    state = 1; 
end 
  
v         = 2;                 % input voltage 
m         = 4.54*exp(-4);      % mass per unit length 
cp        = 320;               % specific heat capacity 
R         = 3.05;              % resistance per unit length  
Da        = 75*exp(9);         % Young's Modulus (Austenite) 
Dm        = 28*exp(9);         % Young's Modulus (Martensite) 
theta_t   = -11*exp(-6);       % Thermal expansion  
epsilon_i = 0.03090;           % SMA initial strain 
h0        = 28.552;            % Heat convection coefficient 
h2        = 4.060*exp(-6);     % Heat convection coefficient 
d         = 1220*exp(-6);      % Diameter of wire  
l         = 0.035;             % Length of wire 
Ta        = -13;               % Ambient temperature 
Tfa       = 70;                % Martensite to austenite transformation 
temperature 
Tfm       = 55;                % Austenite to martensite transformation 
temperature 
sigma_a   = 6;                 % Spread of temperature around martensite to 
austenite transformation temperature 
sigma_m   = 4.5;               % Spread of temperature around martensite to 
austenite transformation temperature  
zita_1    = 1; 
zita_2    = 0; 
As        = 18; 
Af        = 30; 
Ms        = 15; 
Mf        = 6; 
aA        = pi/(Af-As); 
aM        = pi/(Ms-Mf); 
  
if state == 1; 
   zita_i = zita_1; 
    D = Dm; 
    K = zita_i; 
    sigma_i = sigma_m; 
    Tf = Tfm; 
elseif state == 2; 
    zita_i = 0.5*(cos(aA*(T-As))+1); 
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    sigma_i = sigma_m; 
    D = Dm; 
    K = zita_i; 
    Tf = Tfm; 
elseif state == 3; 
    zita_i = zita_2; 
    D = Da; 
    K = zita_i; 
    sigma_i = sigma_a; 
    Tf = Tfa; 
else  
    zita_i = 0.5*(cos(aM*(T-Mf))+1); 
      sigma_i = sigma_a; 
    D = Da; 
    K = zita_i; 
    Tf = Tfa; 
end 
   
a = pi*d; 
h = h0+h2*T^2; 
Ohm = -D*epsilon_i; 
  
Hfunc = (-h*a-2*h2*a*T*(T-Ta))/(m*cp); 
Gfunc = (K*exp((Tf-T)/sigma_i))/(sigma_i*(1+exp((Tf-T)/sigma_i))^2); 
  
  
A = [ 0 1/D*Hfunc*(-theta_t-Ohm*Gfunc) 0 0 
      0            Hfunc               0 0 
      0         Hfunc*Gfunc            0 0 
      1              0                 0 0 ]  
B = [ 2*v/(m*cp*R*D)*(-theta_t-Ohm*Gfunc) 
                2*v/(m*cp*R) 
              2*v/(m*cp)*Gfunc 
                      0                   ] 
%T = T - 1; 
C = [1 1 1 1] 
  
D = [0] 
%end 
  
  
% 
% Dispatch the flag. 
% 
switch flag, 
  
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes(A,B,C,D); % Initialization 
  
  case 1 
    sys = mdlDerivatives(t,x,u,A,B,C,D); % Calculate derivatives 
  
  case 3 
    sys = mdlOutputs(t,x,u,A,B,C,D); % Calculate outputs 
   
  case { 2, 4, 9 } % Unused flags 
    sys = []; 
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  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); % Error handling 
end 
% End of csfunc. 
%============================================================== 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the  
% S-function. 
%============================================================== 
% 
function [sys,x0,str,ts] = mdlInitializeSizes(A,B,C,D) 
% 
% Call simsizes for a sizes structure, fill it in and convert it  
% to a sizes array. 
% 
sizes = simsizes; 
sizes.NumContStates  = 4; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 1; 
sizes.NumInputs      = 1; 
sizes.DirFeedthrough = 1;     % Matrix D is nonempty.  
sizes.NumSampleTimes = 1; 
sys = simsizes(sizes); 
% 
% Initialize the initial conditions. 
% 
x0 = zeros(); 
% 
% str is an empty matrix. 
% 
str = []; 
% 
% Initialize the array of sample times; in this example the sample  
% time is continuous, so set ts to 0 and its offset to 0. 
% 
ts = [0 0]; 
% End of mdlInitializeSizes. 
% 
%============================================================== 
% mdlDerivatives 
% Return the derivatives for the continuous states. 
%============================================================== 
function sys = mdlDerivatives(t,x,u,A,B,C,D) 
sys = A*x + B*u; 
% End of mdlDerivatives. 
% 
%============================================================== 
% mdlOutputs 
% Return the block outputs. 
%============================================================== 
% 
function sys = mdlOutputs(t,x,u,A,B,C,D) 
sys = C*x + D*u; 
% End of mdlOutputs. 
  
 
 
